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I. INTRODUCTION
A combination of cosmological observations including (between others) studies of
the cosmic microwave background, distant supernovae, large samples of galaxy clusters,
baryon acoustic oscillation measurements has firmly established a standard cosmological
model where the Dark Matter (DM), a new yet-to-be discovered form of matter, accounts
for about 85% of the matter content of the Universe, and about 27% of the global energy
budget [1]. Cold Dark Matter (CDM) is a key ingredient to successfully explain the for-
mation of large-scale structure, producing theoretical predictions in striking agreement
with observations [2, 3].
Little is, however, as of yet known about DM as a particle; any candidate for (most of)
the DM must nevertheless be consistent with the following five observationally-motivated
constraints:
(i) The relic abundance of DM needs to account for the observed CDM abundance;
(ii) the DM particle should be non-relativistic at matter-radiation equality to form
structures in the early Universe in agreement with the observation. As a result, if the
DM was produced as a thermal relic in the early universe, its mass cannot be arbitrarily
light. Specifically, cosmological simulations rule out DM masses below a few keV [4–6].
(iii) The DM should be electromagnetically effectively neutral, as a result of null
searches for stable charged particles [7, 8] as well as direct detection experiments, which
5we review below;
(iv) The DM particle must be cosmologically stable since its presence is ascertained
today, implying that its lifetime is larger than the age of the Universe. Under certain
assumptions, much stronger limits are applicable conservatively requiring a lifetime order
of magnitude larger can be derived [9–16].
(v) Cluster collisions, such as the Bullet Cluster [17], constrain the level of self-
interactions that DM particles can have (see however refs. [18, 19] for alternative sce-
narios).
Within the generous parameter space outlined by the observational requirements
listed above, we will argue below that the paradigm of Weakly Interacting Massive
Particles (WIMPs) [20] is one of the most compelling options for DM as a particle.
As such, it has undergone very close and effective experimental scrutiny. In what fol-
lows we will outline the theoretical underpinning of the WIMP paradigm, discuss a few
well-motivated “simplified model” realizations of schematic WIMP models, and we will
attempt to give an up-to-date state of the art of WIMP searches and prospects for the
future.
II. THE WIMP PARADIGM
The paradigm of thermal decoupling, based upon applications to cosmology of sta-
tistical mechanics and particle and nuclear physics, is enormously successful at making
detailed predictions for observables in the early universe, including the abundances of
light elements and the cosmic microwave background [21]. It is somewhat natural to
invoke a similar paradigm to infer the abundance of DM as a thermal relic from the
early universe uniquely from the underlying DM particle properties.
Assuming there exist interactions between a cosmologically stable particle χ -the
(generic) DM- with Standard Model (SM) particles, sizable enough that for a high enough
temperature T the DM is in thermal equilibrium with the primordial thermal bath, the
6cosmological evolution of the DM particle can be traced through the following Boltzmann
equation:
dnχ
dt
+ 3H(T )nχ = −〈σv〉(n2χ − n2χ,eq), (1)
describing the DM number density nχ in turn defined as:
nχ(T ) =
∫
d3p
(2pi)3
fχ(p, T ), (2)
with fχ being the DM distribution function. The quantity 〈σv〉, dependent on tem-
perature T , is the thermally averaged pair annihilation cross-section associated to the
process χχ → SMSM while H(T ) is the Hubble rate. nχ,eq is the equilibrium number
density obtained by eq. (2) by replacing fχ with the equilibrium distribution function
(by convenience one typically adopts the Maxwell-Boltzmann distribution):
nχ,eq = gχ
m2χT
2pi
K2
(mχ
T
)
, (3)
where gχ is the number of internal degrees of freedom of the DM particle, mχ its mass,
and K2 is the modified Bessel function of second type.
As the Universe expands, the scale factor increases and the temperature decreases.
Assuming that χ continues to be in thermal equilibrium, eventually the temperature
drops below the DM mass, and the annihilation rate for DM particles, which depends
linearly on the number equilibrium density nχ,eq, enters the so-called “Boltzmann-tail”,
nχ,eq ∝ exp(−mχ/T ) (mχ  T ); the annihilation rate then eventually fall below the
Universe expansion rate, H(T ) (a power-law in temperature, ∝ T 2 in the radiation-
dominated universe), leading to the thermal freeze-out of this “cold” relic. Thereafter,
the DM comoving number density Yχ =
nχ
s is approximately constant
1.
The DM abundance is typically expressed as a fraction ΩDM = ρDM/ρcr of the critical
density of the universe ρcr(T ) = 3H(T )
2M2PL/8pi times h
2 where h is the Hubble expan-
sion rate today in units of 100 km/s/Mpc. ρcr(T0) ' 10−5 GeV cm−3 today.The thermal
1 See ref. [22] for an exception (“relentless” DM) for modified expansion histories.
7relic density can be expressed, as function of the DM comoving density, as ΩDM =
mχs0Y0
ρc
where Y0 ≡ Y (T0), s0 ≡ s(T0) with T0 being the temperature of the Universe at present
times and s the entropy density of the Universe. Y0 can be semi-analytically determined
as [23]:
Y0 '
√
pi
45
MPL
[∫ Tf
T0
g
1/2
∗ 〈σv〉dT
]−1
, (4)
where, g
1/2
∗ ≡ g1/2∗ (T ) is a function related to the relativistic degrees of freedom of the
primordial thermal bath (we refer to ref. [23] for its definition) while Tf represents the
freeze-out temperature which can be determined by solving the equation:√
pi
45
MPL
g
1/2
∗ mχ
x2
〈σv〉Yχ,eqδ(δ + 2) = −d log Yχ,eq
dx
, (5)
where δ = (Yχ − Yχ,eq)/Yχ,eq is conventionally set to 1.5.
By combining the expressions above the DM relic density can be numerically esti-
mated as:
ΩDMh
2 ≈ 8.76× 10−11 GeV−2
[∫ Tf
T0
g
1/2
∗ 〈σv〉 dT
mχ
]−1
. (6)
The behavior of the solution of the Boltzmann equation is illustrated in fig. (1). As
expected, the DM relic density is basically set by the inverse value of the thermally
averaged cross section (calculated at the freeze-out temperature), with a logarithmic
dependence on mχ. It can be straightforwardly verified that the experimental deter-
mination [1] ΩDMh
2 ≈ 0.12 is matched by a value of the cross section of the order of
10−9GeV−2 corresponding to 〈σv〉 ∼ 10−26 cm3s−1.
The WIMP “miracle” is the observation that for typical weak-scale pair annihilation
cross sections, say σ ∼ G2F T 2, with GF the Fermi constant, and T ∼ mχ/20 the typical
freeze-out temperature, and for electroweak-scale mass scales, mχ ∼ EEW ∼ 200 GeV,
the thermal relic density matches the observed cosmological density. It is important to
realize that this coincidence is a statement about cross sections (and, weakly, masses),
and is thus not unique to the weak scale and weak interactions; however, what is indeed
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FIG. 1. Comoving number density evolution as a function of the ratio mχ/T in the context of
the thermal freeze-out. Notice that the size of the annihilation cross section determines the DM
abundance since ΩDM ∝ 1/〈σv〉.
remarkable is the fact that independent theoretical reasons, such as naturalness and the
hierarchy problem, indicate that it is plausible to expect new physics at EEW; Moreover,
weak interactions are the only gauge interactions in the Standard Model that a DM
particle might interact through.
The WIMP paradigm is thus an attractive solution of the DM issues since the DM
abundance is set to the observed value by a new physics scale that is well motivated,
and by interactions mediated by one of the Standard Model gauge interactions. As a
result, concrete realizations of WIMP models had been developed in different Beyond
the Standard Model (BSM) frameworks, accessible to several different search strategies,
as reviewed in the next sections.
Operationally, all the information about the particle physics framework connected to
a specific DM particle candidate is contained in the thermally pair averaged cross section
9and in the freeze-out temperature that results from it. Its formal definition reads [23] 2:
〈σv〉 = 1
8m4χTK2
(mχ
T
)2 ∫ ∞
4m2χ
dsσ(s)
√
s
(
s− 4m2χ
)
K1
(√
s
T
)
. (7)
Since WIMPs freeze out in the non-relativistic regime, and thus v  c (where v is
the WIMP relative velocity), a useful approximation consists of a velocity expansion
(reviewed in the appendix) 〈σv〉 ' a+ bv2. The velocity expansion is however not valid
in some relevant cases, like for example annihilations through the resonant exchange
of an s-channel mediator [25]. For this reason, all the numerical results presented in
this work will rely on the full numerical determination of 〈σv〉, as given in (7) and
on the solution of the DM Boltzmann equation, as provided by the numerical package
micrOMEGAs [26–28].
III. DIRECT DETECTION
The observation of a DM halo in our Galaxy motivates the search for DM scattering
off of nuclei. Several experiments have played an important role in this direction [29–59].
In this section we focus on direct detection experiments looking for WIMPs scattering,
but there are important searches stemming from Neutrinos telescopes by measuring the
neutrino flux from the Sun [60–63].
Direct DM detection seeks to measure the nuclear recoil imparted by the scattering
of a WIMP particle. The WIMP-nuclei differential scattering rate can be written as,
dR
dE
(E, t) =
NTρχ
mχmA
∫ vesc
vmin
vfE(~v, t)
dσ
dE
(v,E)d3~v, (8)
where NT is the number of target nuclei per kilogram of the detector, mχ the DM mass,
ρχ the local DM density (ρχ = 0.3 GeV/cm
3) [64–68], ~v the velocity of the DM particle
relative to the Earth, fE(~v, t) the distribution of velocities of the WIMP in the frame of
2 In scenarios where the DM is not the only new particle state other processes, like coannihilations,
might be relevant for the DM relic density. A more general definition of 〈σv〉, including also the
processes, can be found e.g., in ref. [24].
10
the Earth 3, vmin =
√
mNE/(2µ2) is the minimum WIMP speed required to produce a
detectable event at energy E, vesc is the escape velocity i.e. the velocity for which the
WIMP are no longer gravitationnally bounded to the Milky Way. µ = mχmN/(mχ +
mN ) is the WIMP-nucleus reduced mass (mN is the nucleus mass), dσ/dE(v,E) the
differential cross-section for the WIMP-nucleus scattering as follows,
dσ
dE
=
mN
2µ2v2
(σSIF
2(q) + σSDS(q)), (9)
where F 2(q) and S(q) are the spin-independent and spin-dependent form factors, as
described e.g. in refs. [69–72].
After measuring the scattering rate, the next and fundamental task is to discrimi-
nate signal from background. This is done by using the detector response to electron
and nuclear scattering, which might vary from one experiment to another. For instance,
in germanium detectors ionization yield is used to discriminate signal from background,
whereas in experiments that use xenon, the ionization/scintillation ratio is the discrim-
inating variable. What determines an experiment’s sensitivity to a WIMP signal is a
combination of:
1. Energy threshold: drives the sensitivity to low WIMP masses, and consequently
the sharpening of the direct detection limits on the scattering cross section at low
masses as shown in fig. (2);
2. Control over the background and exposure: determine the overall sensitivity of the
experiment pushing the limits to lower scattering cross sections;
3. Target: has an impact on the experiment sensitivity to low and heavy WIMP
masses, as well as on capability to probe spin-dependent scatterings.
All these facts are illustrated in fig. (2) where we plotted the impact of exposure, energy
threshold and mass of the nucleus target on direct detection experiments sensitivity for
WIMP-nucleon scatterings.
3 The velocity distribution is understood as the probability of finding a WIMP with velocity v at a time
t.
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Left panel: (i) Comparing the solid black and blue curves at low WIMP mass one can
see that the energy threshold determines the smallest WIMP mass accessible to a given
direct detection experiment. The blue line refers to a direct detection experiment with
lower energy threshold; (ii) Notice that stronger bounds on the scattering cross section
are possible with larger exposure as represented in the solid green line; (iii) The target
nucleus can chance the WIMP mass where the strongest limit on the scattering cross
section lies at and also the sensitivity to lower and larger WIMP masses. This is visible
comparing the red and black lines. Right panel: (i) Comparing the black and blue curves
we can see the importance of increasing exposure; (ii) Red and green curves exhibit the
impact of background discriminations.
It is important to highlight that from going to the measured scattering rate in eq. (8)
to the derivation of a limit on the WIMP-nucleon scattering cross section as a function
of the WIMP mass, there are some assumptions that have to be made about the veloc-
ity distribution, nuclear form factor, type of WIMP-nucleon scattering, and local DM
density that suffers from large uncertainties [73–75]. In particular, the common assump-
tions are that there is a smooth halo of DM particles in our galaxy well described by a
Maxwellian velocity distribution [76–78], that the nucleus can be treated as a hard sphere
as indicated by the Helm form factor [70], and that the WIMP-nucleon scattering is elas-
tic. Our results rely on the same set of assumptions throughout this manuscript (see
refs. [79–83] for discussions on these topics). Interestingly, if the uncertainties present
in the astrophysical input are under control and precise measurements on the scattering
cross section can be realized, then one might even determine the nature of dark matter
using direct detection experiments alone [84].
Anyhow, in summary, the present measurement of the scattering rate has not yet
observed any excess over the background, which after some assumptions, translates into
limits on the WIMP-nucleon scattering cross section as a function of the DM mass. In
this work we will be using the following limits and projections:
• Current spin-independent limit:
12
FIG. 2. Left: Illustrative impact of energy threshold, exposure and target nucleus. Right: Impact
of background and exposure on the sensitivity. Taken from ref. [85].
We adopt the latest result from LUX based on 3.35× 104 kg-day exposure. This recent
limit represents a factor of four improvement over previous results. In particular, spin-
independent cross sections above 2.2 × 10−46cm2 are excluded at the 90% C.L for a
WIMP mass of 50 GeV [53].
Similarly, PANDA-X collaboration with a very similar exposure found a limit which is
basically identical to the one obtained by LUX. Thus, in the upcoming figures, whenever
we quote LUX, it also reads PANDA-X [86].
• Current spin-dependent limit:
We adopt the latest results from PANDA-X reported in ref. [87] which overlaps with
the XENON100 limits and LUX at higher WIMP masses at 90% C.L. but significantly
improving them at lower masses. PANDA-X result is based on 3.3×104 Kg of exposure,
and in particular excludes the WIMP-neutron spin-dependent scattering cross section
of 4.1 × 10−41cm2 for a WIMP mass of 40 GeV. In the figures these limits are labeled
as LUX to keep them uniform. Hopefully PANDA-X will continue to run and improve
13
their sensitivity and possibly unearth a DM signal.
• Projected spin-independent limit:
We adopt the projected XENON1T two years exposure spin-independent limits outlined
in ref. [88] and the LZ collaboration referred as baseline in ref. [89].
• Projected spin-dependent limit:
In the lack of published projections for spin-dependent scattering we simply rescaled
the current spin-dependent limits taking into account the planned exposure. In prac-
tice, we derived the scaling factor between latest LUX spin-independent limit and the
LZ projection, and then applied this same scaling factor to derive the LZ/XENON1T
projection for spin-dependent scattering. In the light of no large background, the limits
will roughly be improved simply by exposure, justifying our method.
IV. INDIRECT DETECTION
Indirect DM detection relies on the detection of the byproducts of WIMPs annihilations
over the expected background at galactic or extragalactic scales, using Earth based
telescopes such as H.E.S.S. and CTA, or satellites such as AMS and Fermi-LAT [90–104]
4
In this regard, the search for gamma-rays and cosmic-rays and neutrinos offer an
exciting possibility of DM detection. Here we will focus on gamma-rays. The gamma-
ray flux from WIMP annihilation is proportional to:
• The number density squared of particles, i.e., n2χ = ρ2/m2χ;
• The WIMP annihilation cross section today, σ;
• The mean WIMP velocity v;
• Volume of the sky observed within a solid angle Ω;
4 See refs. [105–113] for other competitive limits.
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• Number of gamma-rays produced per annihilation at a given energy, also known
as the energy spectrum (dN/dE).
In summary, it is found to be:
Diff.Flux︷ ︸︸ ︷
dΦ
dΩdE
=
Anni.Cross Section︷︸︸︷
σv
8pim2χ
× dN
dE︸︷︷︸
Energy Spectrum
×
Line of Sight Integral︷ ︸︸ ︷∫
l.o.s
ds × ρ2(−→r (s,Ω))︸ ︷︷ ︸
DM Distribution
. (10)
In eq. (10) the DM density is integrated over the line of sight from the observer to
the source.
The DM density is not tightly constrained, and several DM density profiles have been
considered in the literature leading to either spike or core DM densities toward the center
of galaxies [114–119]. In this work we adopt the Navarro-Frenk-White (NFW) profile
[115] which reads,
ρ(r) =
rs
r
ρs
[1 + r/rs]2
, (11)
where rs = 24.42 kpc is the scale radius of the halo, as done by Fermi-LAT collaboration
in ref. [101], and ρs = 0.184 is a normalization constant to guarantee that the DM
density at the location of the Sun is 0.3GeV/cm3.
From eq. (10) it is clear that indirect detection probes complementary properties
of the DM particles. It is sensitive to how the DM is distributed, to the annihilation
cross section today, which might be different than the annihilation cross section relevant
for the relic density, and to the WIMP mass. Therefore, after measuring the flux in
gamma-rays from a given source, we compare that with background expectations. If
no excess is observed, we can choose a DM density profile and select an annihilation
final state needed for dN/dE, and then derive a limit on the ratio σv/m2χ according to
eq. (10). This is the basic idea behind experimental limits. Although, more sophisticated
statistical methods have been conducted such as likelihood analysis.
An interesting aspect of indirect DM detection when it comes to probing WIMP
models is the fact that if the annihilation cross section, σv, is not velocity dependent,
15
bounds on σv today are directly connected to the DM relic density. In particular, the
observation of dwarf spheroidal galaxies in gamma-ray results in stringent limits on the
plane annihilation cross section vs WIMP mass. If for a given channel the annihilation
cross section of 10−26cm3s−1 is excluded for DM masses below 100 GeV, it also means
that one cannot reproduce the right relic density for WIMP masses below 100 GeV 5. In
other words, in this particular case, indirect detection limits will trace the relic density
curve. This effect will be clearly visible in many instances.
V. COLLIDER SEARCHES
LHC proton-proton collisions might result in the production of WIMPS in association
with one or more QCD jets, photons. For other detectable Standard Model debris. Since
WIMPs are electrically neutral and cosmologically stable particles, they manifest at
colliders as missing energy. For this reason searches for DM are based on the observation
of the visible counterpart of the event such as charged leptons, jets or a photon, generally
referred to as mono-X searches, see fig. (3). By selecting events with large missing energy
one can reduce the Standard Model background and potentially disentangle a DM signal.
However, as mentioned above, what colliders identify is missing energy, and therefore
they cannot uniquely ascertain the presence of DM in a signal event. They can simply
confirm the presence of a neutral and stable particle, that might have even decayed
outside the detector.
Anyhow, colliders offer an exciting and complementary search strategy to identify
WIMPs. Indeed, assuming that the production of WIMPs at colliders is uniquely con-
nected to WIMP-nucleon scatterings at underground laboratories, one can use the non-
observation signals with large missing to derive limits on the WIMP-nucleon scattering
cross section [120–127].
We now review in some detail the specifics of given search channels for WIMPs at
5 There are still some exceptions to this direct relation between non-velocity dependent annihilation
cross section and relic density as discussed in detail in ref. [25].
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colliders.
1. Mono-X Searches
Mono-X searches stands for the search for WIMPs produced in association with
one or more QCD jets or potentially other Standard Model particles, such as γ, h,
Z etc. The idea is to search for events with a jet with a high transverse momentum pT
within an event with large missing transverse momentum. In particular, the most recent
studies performed at the LHC include up to four jets and require the leading jet to have
pT > 250 GeV [128, 129], while others do not limit the number of jets while selecting
events with at least one jet with pT > 100 GeV [130]. While being more inclusive,
these recent searches have become more challenging due to the number of jets analyzed,
requiring a substantial improvement on the background coming from Z+jet and W+jet
channels.
There are important detector effects, such as fake jets, and QCD backgrounds that
weaken the LHC sensitivity to WIMPs, and for these reasons mono-jet searches are
subject to large systematics. Nevertheless, fortunately an enormous effort has been put
forth in this direction with data driven background and optimized event selections, which
combined with the increase in luminosity has led to an overall improvement on the LHC
sensitivity to WIMPs.
That said, in the review, we will be using the latest results from CMS and ATLAS
collaborations in the search for DM base on mono-X searches [130, 131].
Now we discuss the WIMP production at colliders we will address another collider
limits relevant for DM purposes which has to do with the invisible width of the Higgs
boson.
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FIG. 3. Illustration of the DM interactions with SM particles. As of today we have no knowledge
about how such interaction occurs. Thus, it is literally a black box.
2. Invisible Higgs Decays
If WIMPs are lighter than 62.5 GeV, the Higgs boson might invisibly decay into
WIMP pairs. In this case, one can use bounds from LHC on the invisible branching ratio
of the Higgs, Br(h→ inv) ≤ 0.25 at 95% C.L. [132, 133], to set constraints on WIMP
models . Throughout the manuscript whenever applicable we compute the invisible
decay rate of the Higgs into WIMPs and impose the upper limits above to obtain the
limits displayed in the figures.
3. Invisible Z Decays
The decay width of the Z boson has been precisely measured and therefore stringent
limits can be derived on any extra possible decay mode of the Z boson. In some of
the models we discuss further, the DM particle does couple to the Z boson, thus when
mass of the DM is smaller than half of the Z mass stringent limits are applicable. In
particular, one can use only direct measurements of the invisible partial width using the
single photon channel to obtain an average bound which is derived by computing the
difference between the total and the observed partial widths assuming lepton universality.
The current limit is Γ(Z→ inv) ≤ 499± 1.5 MeV [134].
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VI. MODEL SETUP: DARK PORTALS
In order to maximally profit of the information from the different kind of experimental
searches we need an efficient interface between the experimental outcome and theoretical
models. The processes responsible for the DM relic density and its eventual detection
can be described by simple extensions of the SM in which a DM candidate interacts
with the SM states (typically the interactions are limited to SM fermions) through a
mediator state (dubbed portal). This idea is at the base of the so-called “Simplified
Models” [135–149] which are customarily adopted especially in the context of collider
studies, see e.g., refs. [127, 150–161].
We will adopt, in this review analogous setups, referring to them as “Dark Portals”.
We will then analyze a series of scenarios in which spin-0, spin-1/2 and spin-1 DM can-
didates (we will distinguish whenever relevant the cases of self- and not self-conjugated
DM) interact with SM fields (mostly fermions) through spin-0 or spin-1 mediator fields 6.
Compared to similar works we will, however adopt a broader perspective. In most of the
cases considered we will indeed argue possible theoretical completions of the simplified
models adopting specific choices of the parameters inspired by them. In the same fashion
we will account, in our analysis, besides experimental constraints, the theoretical limi-
tations of these frameworks (see e.g., refs. [145, 146, 155, 156, 162] for more extensive
discussions.)
Despite their simplicity, Dark Portals, with the exception of SM mediators, feature
still several parameters; we will therefore have to rely on some specific assumptions in
presenting our results. Throughout this work we will then follow these main guide lines
for our analysis:
• we will always assume real couplings, hence no CP-violation;
• We will consider as free parameters the mass of the DM and of the portal me-
diator while the model couplings we will set to O(1) values unless this option
6 We will briefly consider a single case of spin-1/2 mediator. We won’t consider higher spin assignations.
For these cases the interested reader can look for example at ref. [161]
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is precluded by theoretical considerations. There is no loss of generality in this
choice. This choice maximizes the experimental sensitivity of these scenarios and
allows at the same time to achieve the correct DM relic density in broad regions
of the parameter space. Because of the already highlighted correlations between
DM processes, although experimental limits would be more easily overcome by
decreasing the model couplings, an analogous suppression of the DM pair anni-
hilation would occur so that the DM would be in general overabundant unless
rather fine tuned solutions, like s-channel resonances or coannihilations would be
adopted. An exception is, of course, represented by the case of SM portals which
are completely specified by just two parameters, i.e. the DM mass and couplings;
• Our analysis will be mostly focused on the comparison between DM relic density
and Direct Detection, especially in light of the incoming data releases of next
generation multi-TON detectors. Collider and Indirect Detection limits will be
reported only when their are competitive or feature a clear complementarity with
DD limits.
Within these guidelines we will review a multitude of models which have been clas-
sified in five categories:
1. SM portals: Here the portal of DM interactions is represented by the Higgs or
the Z-boson. As already pointed this scenarios are the most predictive since have
only two free parameters. On the other hand this turns also in the most stringent
limits so that these scenarios are strongly disfavored already by present limits;
2. BSM s-channel portals: Here the DM is coupled with SM fermions either by a spin-
0 (real) or by a spin-1 new neutral state. These scenarios, besides DM portals,
are the most sensitive to DM Direct Detection.
3. Portals evading Direct Detection: here we will instead consider the case, a pseudo-
scalar mediator, in which constraints from Direct Detection are particularly weak
so that the complementarity with other search strategies becomes crucial. We will
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also considered a more theoretically refined scenario in which the pseudoscalar
mediator is part of a complex field. The presence of an additional scalar component
will reintroduce DD bounds. A broad region of parameter space for thermal DM
is nevertheless re-opened by considering a very light pseudoscalar, which can be
interpreted as a pseudo-goldostone boson of a global symmetry carried by the
original complex field;
4. Portals to secluded sectors: we assume here that the mediator field cannot be di-
rectly coupled with SM fermions. Even in these kind of constructions a portal can
be originated by mass mixing with the SM Higgs, in the case of spin-0 mediators,
and by kinetic mixing with the Z-boson in the case of a spin-1 field, so that the
DM actually interacts through a double s-channel mediator, represented by a SM
and a BSM state.
5. t-channel portals: in this alternative version of the Dark Portals the mediator field
has not trivial quantum numbers with respect to the SM gauge group. In these
kind of setups DM annihilation arise from t-channel interactions while s-channel
interactions are responsible for Direct Detection.
VII. SM PORTALS
The first class of models which will be object of study are the SM Dark Portals 7,
i.e. models in which the DM interacts with the SM state through the Higgs or the Z-
boson. In the case the DM is a pure SM singlet, gauge invariant renormalizable operator
connecting the DM with the Z or the Higgs boson can be build only in the latter case
and only for scalar and vectorial DM. In the other cases one should rely either on higher
dimensional operators, or on the case that the coupling with the Higgs and/or the Z
is originated by their mixing with new neutral mediators. The latter case can imply
7 An analogous study has been performed in ref. [163]. Our results are in substantial agreement with
the ones reported in this reference.
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the presence of additional states relevant for the DM phenomenology and will be then
discusses later on in the text. We will instead quote below some example of higher
dimensional operator but we will not refer to any specific construction for our analysis.
Alternatively one could assume that the DM has some small charge under SU(2) or
U(1)Y , see e.g., refs. [164–169]; we will not review these scenarios here.
A. Higgs portal
The most economical way to connect a SM singlet DM candidate with the SM Higgs
doublet H is through four field operators built to connect the Higgs bilinear H†H,
which is a Lorentz and gauge invariant quantity, with a DM bilinear. Assuming CP
conservation, the possible 8 operators connecting the Higgs doublet with scalar, fermion
and vector DM are given by [171–179]:
ξλHχ χ
∗χH†H, ξ
λHψ
Λ
ψψH†H and ξλHV V
µVµH
†H, (12)
where, in the unitary gauge, H =
(
0 vh+h√
2
)T
with h, vh denoting the physical SM Higgs
boson, Vacuum Expectation Value (VEV) and ξ = 1/2(1) in case the DM is (not) its
own antiparticle. From eq. (12) note that stability of the DM is protected either by a
discrete Z2 (for ψ, Vµ and when χ = χ∗) or by a U(1) (for χ 6= χ∗) symmetry.
As already pointed in the case of scalar and vector DM it is possibly to rely on a
dimension-4 renormalizable operator; on the contrary fermion DM requires at least a
dimension-5 operator which depends on an unknown Ultra-Violet (UV) scale Λ.
After EW symmetry breaking (EWSB), trilinear couplings between the Higgs field
h and DM pairs are induced. In the case of fermionic DM it is possible to absorb the
explicit Λ dependence by a redefinition of the associated coupling, i.e., λHψ
vh
Λ as λ
H
ψ , so
that it does not appear explicitly in computations.
8 We limit, for simplicity to the lowest dimensional operators. Higher dimensional operators are dis-
cussed, for example, in [170]
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FIG. 4. The SM Higgs portal with scalar (upper left panel), fermionic (upper right panel) and vector
(bottom) DM. In each plot, the red line represents the model points featuring the correct DM relic
density. The blue region is excluded by the current LUX limits. The magenta coloured region would
be excluded in case of absence of signals in XENON1T after two years of exposure time while the
purple region is within reach of future LZ limits. Finally, the green region is excluded because of a
experimentally disfavored invisible branching fraction of the SM Higgs boson.
The models defined by Lagrangians of eq. (12) have only two free parameters, the
DM masses mχ,ψ,V and couplings λ
H
χ,ψ,V . The constraints on these models can be then
straightforwardly summarized in bi-dimensional planes.
In figs. (4) we summarize our results for scalar, fermion and vector DM, respectively.
All the plots report basically three set of constraints 9. The first one (red contours) is
represented by the achievement of the correct DM relic density. The DM annihilates into
SM fermions and gauge bosons, through s-channel exchange of the Higgs boson, and, for
higher masses, also into Higgs pairs through both s- and t-channel diagrams (in this last
9 We will report in the main text just the results of the analysis. Analytical expressions of the relevant
rates are extensively reported in the appendix.
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case a DM particle is exchanged). Since the coupling of the Higgs with SM fermions and
gauge bosons depends on the masses of the particles themselves, the DM annihilation
cross-section is suppressed, at the exception of the pole region mχ ∼ mh/2, until the
WW , ZZ and tt final states are kinematically accessible. Even in this last case, the
cosmologically allowed values for the couplings are in strong tension with the constraints
from DM Direct Detection (DD), which for all the considered spin assignation of the DM,
arise from Spin Independent (SI) interactions of the DM with the SM quarks originated
by t-channel exchange of the Higgs boson. As can be easily seen the entire parameter
space corresponding to thermal DM is already ruled out, at the exception, possibly,
of the pole region, for DM masses at least below 1 TeV. Eventual surviving resonance
regions will be ruled-out in case of absence of signals at the forthcoming XENON1T. As
expected, the most constrained scenario is the fermionic DM one because of the further
suppression of the p-wave suppression of its annihilation cross-section.
Notice that, scalar and vectorial DM, due to the s-wave annihilation cross section,
might also be probed through Indirect Detection (ID). The corresponding limits are
nevertheless largely overcome by the ones from DD and have been then omitted for
simplicity. The limits from DD experiments are complemented at low DM masses,
i.e., mχ,ψ,V < mh/2, by the one from invisible decay width of the Higgs. Indeed this
constraint would exclude DM masses below the energy threshold of DD experiments.
All findings are in agreement with recent studies in the topic [138, 139, 180–191].
B. Z-portal
An interaction between the Z-boson and a SM singlet DM candidate is not gauge
invariant for any dimension-4 operators. In the case of scalar and fermionic DM models,
the simplest option is to consider a dimension 6 operator 10 [169, 192, 193]. In the case
10 Similarly to the case of the Higgs portal we just quote, as an example, the lowest dimension operator.
This is however not the only possible option.
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of scalar DM it is of the form:
L = λχH
†←→DµH
Λ2
χ∗
←→
∂µχ, (13)
which give rise to a trilinear interaction between the Z and a DM pair once the Higgs field
in the Lagrangian is replaced by its VEV, so that H
←→
DµH → gv2h4 cos θW . Λ is again the rele-
vant cutoff scale of the effective theory. Similarly to the case of the fermionic Higgs portal
we can absorb it in the definition of an dimensionless coupling as λZχ ≡ λχv2h/Λ2. In addi-
tion, after EWSB, an effective dimension-4 interaction like (g2/16 cos2 θW )λ
ZZ
χχ |χ|2ZµZµ
can emerge from the dimension-6 SM gauge invariant operator λχχ(D
µH)†DµH|χ|2/Λ2
such that λZZχχ = λχχv
2
h/Λ
2. For simplicity we maintain a rescaling with powers of g.
The interaction Lagrangian for the DM, along with the relevant SM parts, can thus
be written as:
L =i g
4cW
λZχχ
∗←→∂µχZµ + g
4cW
∑
f
fγµ
(
V Zf −AZf γ5
)
fZµ +
g2
16c2W
λZZχχ |χ|2ZµZµ, (14)
where cW = cos θW and θW is Weinberg angle [194]. Note that we have used a normal-
ization of g/4 cos θW throughout in analogy to the SM ffZ couplings.
The interaction Lagrangian for fermion DM is built in a similar fashion as the scalar
case. In the case of Dirac DM the starting operator is:
L = H
†←→DµH
Λ2
(
ψγµ
(
vZψ − aZψγ5
)
ψ
)
, (15)
which, after the EWSB, together with the apposite SM part leads to:
L = g
4 cos θW
ψγµ
(
V Zψ −AZψγ5
)
ψZµ +
g
4 cos θW
∑
f
fγµ
(
V Zf −AZf γ5
)
fZµ, (16)
with V Zψ = v
Z
ψ
v2h
Λ2
and AZψ = a
Z
ψ
v2h
Λ2
. In the case of Majorana DM V Zψ = 0 and we rescale
the remaining DM coupling by a factor 1/2.
In the case of spin-1 DM we will consider two possible kind of interactions for, re-
spectively, self- (abelian) and not self-conjugated (non abelian) DM. For the latter we
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FIG. 5. Combined constraints for Z-portal with scalar DM. Colour specifications are the same as fig. (4),
except the fact that now the green coloured region represents experimentally excluded invisible decay
width of Z-boson.
can write the following Lorentz invariant interaction:
L= g
4 cos θW
ηZV [[V V Z]] +
g
4 cos θW
∑
f
fγµ
(
V Zf −AZf γ5
)
fZµ,
with [[V V Z]]≡ i
[
VµνV
†µZν − V †µνV µZν +
1
2
Zµν
(
V µV † ν − V νV †µ
)]
, (17)
where Vµν , V
†
µν , Zµν represent the respective field strengths. In eq. (17) the [[V V Z]] cou-
pling is normalized as g/4 cos θW while the model specific information are parametrized
as ηZV . In the case of self-conjugate spin-1 DM an interaction with the gauge boson be
built through the Levi-Civita symbol as ref. [195]:
L = g
4 cos θW
ηZV 
µνρσVµZνVρσ +
g
4 cos θW
∑
f
fγµ
(
V Zf −AZf γ5
)
fZµ. (18)
Similarly to the previous cases the coupling ηZV in (18) encodes a cut-off scale (see
e.g. [196–199] for examples of construction of the effective theory). More contrived is
instead a theoretical derivation of (17).
Similarly to the Higgs portal, the Z-portal models are fully defined by two parameters
so that one can repeat the same kind of analysis performed in the previous subsection.
The results are summarized on figs. (5)-(7) 11.
11 Similarly to the Higgs portal case we will report in the main text only the main results while discussing
the computation more in detail in the appendix.
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FIG. 6. The same as fig. (5) but for Dirac fermion DM with both vectorial and axial couplings (left
panel), set to the same value, and only axial couplings (right panel) with the Z-boson.
FIG. 7. The same as fig. (5) but for Vector DM with (i) Abelian case (left-panel) and (ii) Non-Abelian
case (right-panel).
As evident, in all but the Majorana Z-portal case, thermal DM is already excluded,
even for masses above the TeV scale, by current constraints by LUX. These constraints
are even stronger with respect to the case of the Higgs portal. This because, apart
the lighter mediator, the scattering cross section on Xenon nuclei is enhanced by the
isospin violation interactions of the Z with light quarks. Low DM masses, possibly
out of the reach DD experiments, are instead excluded by the limit on the invisible
width of the Z. As already pointed the only exception to this picture is represented by
the case of Majorana DM where the SI component of the DM scattering cross-section is
largely suppressed due to the absence of a vectorial coupling of the DM with the Z. This
scenario is nevertheless already (partially) within the reach of current searches for a Spin
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Dependent (SD) component of the scattering cross-section. The increased sensitivity by
XENON1T will allow to exclude DM masses below 300 GeV, at the exception of the
“pole” region.
VIII. BSM S-CHANNEL PORTALS
The results presented in the previous case for the Higgs and Z-portal will be gen-
eralized and discussed in more details in the case of generic, BSM spin-0 and spin-1
mediators interacting with pairs of scalar, fermion or vector DM fields. Contrary to the
case of Higgs and Z portal, interactions of the mediators with the gauge bosons are not
mandatory. We will thus stick, in this section to the case, analogous to the so-called
simplified models (citation), in which the DM is coupled only to SM fermions. The
case of interactions with gauge bosons will be discussed separately later on in the text.
Contrary to the aforementioned models, we will however assume interactions with both
quarks and leptons.
A. Spin-0 portals
1. Scalar Dark Matter
We will consider the following Lagrangian:
L = ξµSχ|χ|2S + ξλS
2
χ |χ|2S2 +
cS√
2
mf
vh
ffS, (19)
where S is a real scalar field and ξ denotes the normalization factor, accounting, similarly
to previous section, for the case DM coinciding (or not) with its own antiparticle. In the
case of SM fermions we have assumed a Yukawa-like structure of the couplings while for
the scalar (χ) we have parametrized all the information, including possible normalization
factors (e.g., factor of 1/2 in the second term of eq. (19)), in the respective couplings.
Note that µSχ parameter has the dimension of mass. Unless differently stated we will
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assume µSχ = λ
S
χmS with λ
S
χ being a dimensionless coupling and mS as the mass of S.
We will also add self interaction term for the scalar field given by:
LS = − 1
3!
mSλSS
3. (20)
The assignation for the dimensional couplings, as well as the introduction of the
Lagrangian term in eq. (20), are inspired to scenarios in which the scalar field S acquires
a VEV. In this setup the Lagrangian of eq. (20) originates from the quartic term in the
scalar potential whose presence cannot be forbidden by any symmetry argument. In the
same fashion a quartic interaction term S2H†H with the SM Higgs doublet should be also
included, responsible of a mixing of the S and h states. For simplicity we will assume
here that the coupling of this last operator is negligible and postpone to a dedicated
section the the discussion of the most general case.
Contrary to the case of the SM portals, which have only the DM and its cou-
pling as free parameters, we have expressed, as reported on fig. (8), our main results
in the bi-dimensional plane (mχ,mS) for three coupling assignations (λ
S
χ, λS , cS) =
(1, 1, 0.25), (1, 1, 1), (0.25, 1, 1). fig. (8) hence shows the comparison between current DD
limits, as well as the projected sensitivities by XENON1T and LZ, and the requirement
of the correct DM relic density.
The results reported in fig. (8) can be explained as follows. t-channel exchange of the
scalar mediator induces SI interactions of the DM, which are written, in the case of the
proton as:
σSIχN =
µ2χp
4pi
(λSχ)
2
c2S
m2χm
2
S
m2N
v2h
[
fp
Z
A
+ fn
(
1− Z
A
)]2
≈ 1.8× 10−45cm2(λSχ)
2
c2S
(
400 GeV
mS
)2(400 GeV
mχ
)2
. (21)
Here A, Z represent, respectively, the atomic and proton number of the material
constituting the detector, µχp = mχmp/(mχ +mp) denotes reduced mass of the WIMP-
proton system with mp representing the mass of the latter while fp and fn represent
the effective couplings of the DM with protons and nucleons. In the case of a scalar
29
FIG. 8. Combined constrains for a scalar DM with scalar mediator scenario in the bi-
dimensional plane (mS ,mχ) for three assignations of the relevant couplings, i.e., (λ
S
χ, λS , cS) =
(1, 1, 0.25), (1, 1, 1) and (0.25, 1, 1) (from left to right). Here the iso-contours of the correct DM relic
density are represented by red coloured bands. The blue, magenta and purple coloured regions represent
the current exclusion by LUX and the projected sensitivity of XENON1T (assuming 2 years of exposure
time) and LZ, respectively.
mediator we have:
fN =
∑
q=u,d,s
fNq +
6
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fNTG, N = p, n (22)
with fNq being form factor whose physical meaning is associated to the contribution from
up, down, strange and heavy quarks to the mass of the proton and the neutron. Notice
that the factor
[
fp
Z
A + fn
(
1− ZA
)]
is actually a rescaling factor which is introduced for a
consistent comparison with experimental limits which customarily assume fp = fn [200].
It can be easily seen that in the case of the spin-0 mediator fp ' fn so in the following
numerical estimates we will automatically set
[
fp
Z
A + fn
(
1− ZA
)] → fp ∼ 0.3. As will
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be shown in the next section, for spin-1 mediators one expects in general fp 6= fn. This
often translates into an enhancement of the cross-section and, hence, stronger limits on
the model parameters. This can be already noticed by comparing the limits in the case
of the Higgs and Z-portal.
Current limits exclude then low values for both the mass of the DM and the one
of the mediator. These limits will become, of course, progressively stronger, in case of
absence of signals at XENON1T and/or LZ.
Concerning the DM relic density for mχ < mS ,mt the DM annihilation cross-section
is suppressed by Yukawa structure of the couplings so that the correct relic density is
obtained only around the resonance region mχ ∼ mS/2. This corresponds to the wide
region between the two lines in fig. 8. This region is of course proportional to λSχ×cs and
is then the same in the laft and right panel. The difference between these two figures is
the disappearance of the region corresponding to the SS final state, which annihilation
cross section is proportional to (λSχ)
4 (see eq. (24)). This channel is then not sufficient to
avoid an overdensity of the Universe for λSχ = 0.25. In the middle panel, the pole region
is enlarge, to the point of covering almost all the parameter space, even joining the SS
final state at mS ' 1 TeV. For higher DM masses, instead, the correct relic density
is achieved also far from s-channel resonances through either the tt channel or the SS
channel, whether kinematically open. In such a case, the following analytical estimates,
through the conventional velocity expansion, of the DM annihilation cross-section, can
be obtained:
〈σv〉(χχ→ tt) ≈ 3
16pi
(λSχ)
2
c2S
m2t
v2h
1
m2S
≈ 3.4× 10−25cm3s−1(λSχ)
2
c2S
(
1 TeV
mS
)2
for mt < mχ < mS ,
(23)
and:
〈σv〉(χχ→ tt)≈ 3
64pi
(λSχ)
2
c2S
m2t
v2h
m2S
m4χ
≈ 1.2× 10−26cm3s−1(λSχ)
2
c2S
(
2 TeV
mχ
)4( mS
1.5 TeV
)2
,
〈σv〉(χχ→ SS)≈ (λ
S
χ)
4
64pim2χ
≈ 5.8× 10−26cm3s−1(λSχ)
4
(
1 TeV
mχ
)2
for mt < mS < mχ. (24)
31
As evident both the tt and SS cross sections are s-wave dominated and then velocity
independent. As a consequence residual annihilation would occur at present times to be
probed by DM ID strategies. Similarly to the case of the Higgs portal, Direct Detec-
tion limit are much more competitive with respect to the ones from Indirect Detection,
hence the latter have not been explicitly reported on fig. (8). We also notice that the
dominant contribution of the annihilation cross-section into SS depends only on the λSχ
coupling; as a consequence the scalar self coupling λS does not play a relevant role for
DM phenomenology.
2. Fermionic Dark Matter
The interaction of a fermionic DM and a scalar s-channel mediator can be described
by the following phenomenological Lagrangian:
L = ξgψψψS + cS√
2
mf
vh
ffS + LS , (25)
where LS has been introduced in the previous subsection. Contrary to the case of
scalar DM, the operator ψψS is of dimension 4, so that gψ is already an dimensionless
parameter. Note that similar to eq. (19) we have parametrized gψ to contain all the
information of the ψψS vertex including a normalization factor. One could think that
an eventual VEV of the scalar mediator S can be the origin of the DM mass, so that
gψ ∼ mψ/vS , with vS being the VEV of S. We won’t make this assumption in this work
and regard gψ as a generic dimensional-less constant.
The main results of our analysis have been summarized in fig. (9). We have again
considered the DM and scalar masses as free parameters and an analogous assignation of
the couplings as in the previous subsection. The results reported in the figure can be de-
scribed analytically as follows; the DM Direct Detection is again principally determined
by SI interactions whose cross section is given by:
σSIψp =
µ2ψp
pi
g2ψc
2
S
m2p
v2h
f2N
1
m4S
≈ 1
pi
g2ψc
2
S
m2p
v2h
f2N
1
m4S
≈ 2.9× 10−45 cm3s−1g2ψc2S
(
500 GeV
mS
)4
,
(26)
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FIG. 9. The same as fig. (8) but for a dirac fermion DM (i.e., replacing λSχ by gψ).
where µψp = mψmN/(mψ +mN ) denotes reduced mass of the associated WIMP-proton
system. As evidenced by fig. (9), DM masses even above the TeV scale, are excluded
by current DD limits for mS . 400 − 500 GeV. Values below the TeV scale for both
the DM and mediator masses will be excluded in case of absence of signals from next
generation of experiments. The correct DM relic density can be achieved, without relying
on s-channel resonances, only whether at least one between the tt and SS final states is
kinematically accessible. In such a case the DM pair annihilation cross-section can be
approximated as:
〈σv〉(ψψ → tt) ≈ 3
4pi
g2ψc
2
S
m2t
v2h
m2ψ
m4S
v2 ≈ 1.5× 10−26cm3s−1g2ψc2S
( mψ
300 GeV
)2(1 TeV
mS
)4
for mt < mψ < mS , (27)
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〈σv〉(ψψ → tt) ≈ 3
64pi
g2ψc
2
S
m2t
v2h
1
m2ψ
v2 ≈ 2.8× 10−26cm3s−1g2ψc2S
(
600 GeV
mψ
)2
,
〈σv〉(ψψ → SS) ≈ 3
64pi
g4ψ
1
m2ψ
v2 ≈ 2.0× 10−26cm3s−1g4ψ
(
1 TeV
mψ
)2
for mψ > mt,mS .
(28)
Here v2 ∼ 0.23. We notice again that in the limit mψ  mS the scalar self-coupling
λS does not influence the DM relic density. The dependence on the couplings between
the three figures (see fig. 9) is the same than in the scalar case. Contrary to the case of
scalar DM, all the annihilation channels are velocity suppressed, hence cannot account
for a sizable indirect signals.
3. Vector Dark Matter
For the description of the vector DM case we consider the following Lagrangian:
L = 1
2
mV η
S
V V
µVµS +
1
8
ηS
2
V V
µVµSS +
cS√
2
mf
vh
Sff + LS , (29)
which is inspired by the construction proposed e.g., in refs. [201, 202]. Note that all three
terms of eq. (29) appear after the spontaneous symmetry breaking, once the portal field
is expanded as (S+vS)/
√
2 with vS as the concerned VEV. The quantity mV is expressed
as ηSV vS/2. A similar construction is also possible from a gauge invariant D
µS(DµS)
∗
operator for a compelx scalar field S with Dµ = ∂µ − i12ηSV Vµ. However, in this scenario
the last term of eq. (29) would require new BSM charges for the SM fermions.
This scenario has been analyzed with the same procedure as the scalar and fermionic
DM cases. The results, reported in figs. (10) appear to be not very different from what
obtained in the case of scalar DM, fig. (8). This can be explained by the fact that a
vectorial DM can be viewed as three scalar degrees of freedom. The DM scattering rate
on protons and its most relevant annihilation channels are described by the following
analytical expressions:
σSIV p =
µ2V p
4pi
(ηSV )
2
c2S
m2p
v2h
f2p
1
m4S
≈ 8.2× 10−45cm2(ηSV )
2
c2S
(
1 TeV
mS
)4
. (30)
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FIG. 10. The same as fig. (8) for a vector DM with scalar mediator.
The parameter µV p = mVmp/(mV + mp) as usual represents reduced mass of the
relevant WIMP-proton system and
〈σv〉(V V → tt) ≈

1
4pi (η
S
V )
2
c2S
m2t
v2h
m2V
m4S
≈ 4.1× 10−26cm3s−1(ηSV )
2
c2S
(
mV
300 GeV
)2(
1 TeV
mS
)4
if mS < mV ,
1
64pi (η
S
V )
2
c2S
m2t
v2h
1
m2V
≈ 2.8× 10−26cm3s−1(ηSV )
2
c2S
(
1 TeV
mV
)2
if mV > mS .
(31)
〈σv〉(V V → SS) ≈ 11
2304pi
(ηSV )
4 1
m2V
≈ 1.7× 10−26cm3s−1(ηSV )
4
(
1 TeV
mV
)2
. (32)
B. Spin-1 portals
In this section we will analyze, in analogous fashion as the previous section, the case
of a s-channel spin-1 mediator. Contrary to the scalar case, this kind of scenario offers
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a much richer collider phenomenology since one could assume gauge-like interactions
(contrary to Yukawa-like interactions for spin-0 mediators) of the mediator with SM
light quarks and leptons, leading to visible signals, implying stronger constraints though
[203–210]. As a consequence we will consider a wider mass range, for both DM and the
spin-1 mediator, in our analysis.
New spin-1 s-channel mediators can be straightforwardly associated to gauge bosons
of extra U(1) groups. Extra U(1) symmetries are particularly common in extensions
of the Standard Model and, in particular, in Grand Unified Theories (GUT). These Z ′
particles can be coupled to SM fermions either indirectly, through kinetic mixing [211–
214] with the Z-boson, or directly in case the latter have non-trivial charges under the
new symmetry group (see e.g., refs. [215, 216] ). We will focus, in this section, on this
last case while the case of kinetic mixing will be reviewed later in the text. Scalar or
fermionic DM can be easily embedded in this kind of construction since they can be
assumed to be new states charged under the new U(1) but singlet with respect to the
SM group. In such a case portal interactions simply arise from their covariant derivatives
12.
In the case of spin-1 DM we re-propose the two constructions, for self-conjugate
(Abelian) and not self-conjugate (non-Abelian) DM already proposed in the Z-portal
setup.
1. Scalar Dark Matter
Following the discussion above the interaction between a scalar DM and spin-1 (Z ′)
mediator, together with a piece connecting Z ′ to the SM fermions, is described by the
following Lagrangian:
L = ig′λZ′χ χ∗
↔
∂µχZ
′µ + g′2λZ
′2
χ |χ|2Z ′µZ ′µ + g′
∑
f
fγµ
(
V Z
′
f −AZ
′
f γ5
)
fZ ′µ. (33)
12 Interestingly the Z′ couplings with SM particles as presented here are similar to the ones in several
existing electroweak extensions of the SM which can be embedded in these GUT models [217–220].
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V Z
′
u A
Z′
u V
Z′
d A
Z′
d V
Z′
e A
Z′
e V
Z′
ν A
Z′
ν
SSM 14 − 23 sin2 θW 14 - 14 + 13 sin2 θW 14 - 14 + sin2 θW - 14 14 14
E6χ 0 -
1
2
√
10
- 1√
10
1
2
√
10
1√
10
1
2
√
10
3√
10
- 1
2
√
10
E6ψ 0 -
1
2
√
6
0 1
2
√
6
0 1
2
√
6
1
4
√
6
- 1
2
√
6
TABLE I. Table of couplings between the SM fermions and a Z’ (see eq. (33)) for the three different
realizations of a Z’ portal.
Notice that trilinear interaction between DM pairs and the Z ′, of the form reported
above, is possible only in the case of a complex scalar DM.
Similarly to the case of scalar mediator, our main parameters will be represented
by the DM and Z ′ masses. For what regards the couplings of the Z ′ with the SM
fermions we will consider some definite assignations, as dictated by the Sequential Stan-
dard Model (SSM), i.e., same couplings as the Z-boson, and some GUT-inspired real-
izations. According to this the coupling g′ will be set to g ≈ 0.65 in the case of SSM and
to gGUT =
√
5/3 g tan θW ≈ 0.46 for the GUT realizations. Finally, unless differently
stated, we will set λZ
′
χ = 1. The different assignations of the V
Z′
f , A
Z′
f couplings (see
eq. (33)) considered in our analysis for the three cases of SSM, E6χ and E6ψ realizations
are exhibited in tab. (I). For the same three realizations the effect of different constraints
are summarized in fig. (11).
As first thing we notice, in the case of SSM and E6χ models, a much stronger impact
of the limits from DM Direct searches with respect to the case of scalar mediator. The
reason lies on the fact that SI interactions, with cross-section given by (as usual for the
case of SI we will refer to scattering on protons):
σSIχp =
µ2χp
pi
g′4
m4Z′
[Zfp + (A− Z)fn]2
A2
, fp = 2V
Z′
u + V
Z′
d , fn = V
Z′
u + 2V
Z′
d , (34)
are particularly efficient since, as evident from the fact that, for spin-1 mediators, the
effective couplings of the DM with the proton and the neutron, fp and fn, are just linear
combination of couplings of the Z ′ with up and down quarks 13. A further enhancement
13 The difference arises from the fact that in the case of spin-0 mediator the quantities fp and fn are
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FIG. 11. Summary of constraints for Z′ portal in the context of a scalar DM for the three different
realizations i.e., SSM (left), E6χ (middle) and E6ψ (left) (see table (I)). In these plots the red coloured
contours represent the correct DM relic density. The blue coloured region is already excluded by LUX
while the magenta, purple coloured regions are allowed by LUX but within the sensitivity of XENON1T
(assuming two years of exposure) and LZ, respectively. Finally, the green and orange coloured regions
represent the exclusions from dilepton searches by the LEP/Tevatron and LHC experiments.
comes, in general, as already remarked, from the fact that fp 6= fn. As a consequence,
an absence of signal from XENON1T would exclude values of the masses of the DM
and of the Z ′ even above 5 TeV. Sizable limits from DD, although weaker with respect
to the previous two cases, are remarkably present also for the E6ψ realization, despite
the assignations of the charges of the quarks under the new U(1) imply a null vectorial
combination. Indeed non-null vectorial couplings, at the typical energy scale of DM
scattering with nucleons, are radiatively generated by the axial couplings of the Z ′, in
originated by matrix element 〈N |qq|N〉 which is related to the mass of the nucleon. In the case of
spin-1 mediator one instead evaluates the matrix element 〈N |qγµq|N〉 which is, instead, related to the
electric charge of the nucleon.
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particular with the top quark [221–223]. An approximate expression, mostly valid for
mZ′ > mZ , for this RG induced couplings are given by:
V˜ Z
′
u =
αt
2pi
(3− 8s2W )AZ
′
u log
(
mZ′
mZ
)
− (3− 8s2W )
[αb
2pi
AZ
′
d +
ατ
6pi
AZ
′
e
]
log
(
mZ′
µN
)
,
V˜ Z
′
d = −
αt
2pi
(3− 4s2W )AZ
′
u log
(
mZ′
mZ
)
+ (3− 4s2W )
[αb
2pi
AZ
′
d +
ατ
6pi
AZ
′
e
]
log
(
mZ′
µN
)
.(35)
Here sW ≡ sin θW , αt,b,τ = y2t,b,τ/4pi with yf as the SM Yukawa couplings and µN is
the characteristic energy scale of scattering interaction, here taken to be 1 GeV.
The DM annihilation cross section into SM fermions is instead velocity suppressed:
〈σv〉(χχ∗ → ff) ≈

g′4(λZ′χ )
2 m2χ
3pim4
Z′
v2
∑
f
nfc
(
(V Z
′
f )
2
+ (AZ
′
f )
2
)
for mχ <
mZ′
2 ,
g′4(λZ′χ )
2 1
48pim2χ
v2
∑
f
nfc
(
(V Z
′
f )
2
+ (AZ
′
f )
2
)
for mχ >
mZ′
2 ,
(36)
where the sum runs over the final states kinematically accessible. The parameter nfc
represents colour factor for the final state fermions. The correct relic density is thus
achieved only around the pole region, namely mχ ∼ mZ′/2, unless the annihilation into
Z ′Z ′ is kinematically accessible. This cross-section is s-wave dominated and can be
simply approximated, for mχ  mZ′ :
〈σv〉(χχ∗ → Z ′Z ′) ≈ g
′4(λZ′χ )
4
8pim2χ
≈ 3.7× 10−26cm3s−1
(
1.5 TeV
mχ
)2
, (37)
where, for definiteness, we have considered the SSM for the numerical estimates. As
already pointed strong collider limits complement the ones from DM phenomenology.
The panels of fig. (11) report two exclusion regions, green and orange. Both regions
are related to limits associated to the couplings of the Z ′ with SM leptons. The first
ones, associated to the green regions, come from LEP and Tevatron [224, 225] and are
based on possible modifications of the dilepton production cross-section. Since they
do not necessarily rely on on-shell production of the Z ′, once its couplings with the
SM fermions are fixed, like in our case, they are straightforwardly translated into lower
bounds on mZ′ . More specifically, these lower bounds are 1789, 853 and 804 GeV for,
respectively, SSM, E6χ and E6ψ . These constraints are combined with the limits (orange
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regions in the plots) from LHC searches of dilepton resonances [226–228]. Contrary to the
previous case, these limits are in principle sensitive to modification of the decay branching
fraction of the Z ′ as consequence, for example, of couplings with the DM [229]. For the
chosen assignation of the couplings the decay branching fraction into DM of the Z ′ is
small so that the limits substantially coincide with the ones reported by experimental
collaborations. Other limits stemming from flavor and g-2 are weaken compared to the
collider bounds [230, 231].
2. Fermionic Dark Matter
As already mentioned we will describe the interactions of a fermionic DM ψ and a
Z ′, mediating its interactions with the SM fermions, through a Lagrangian of the form:
L = g′ξψγµ
(
V Z
′
ψ −AZ
′
ψ γ5
)
ψZ ′µ + g
′∑
f
fγµ
(
V Z
′
f −AZ
′
f γ5
)
fZ ′µ, (38)
where ξ = 1(1/2) for Dirac (Majorana) fermions. We remind that in the case of Majorana
fermions V Z
′
ψ = 0.
The combination of constraints is reported in fig. (12) for a Dirac fermion DM, fol-
lowing the style of previous figure. The SI cross section, from t-channel exchange of a
Z ′, in the case of Dirac fermions, exactly coincide with its corresponding for a complex
scalar DM. As a consequence the excluded regions in the (mψ,mZ′) plane are the same
as shown in the previous subsection.
In the case of Majorana DM direct detection principally relies on SD interactions, to
which Xenon based detectors are also sensitive. We have then reported, together with
the most recent constraints [52, 87], an estimation of the XENON1T and LZ sensitivities.
As evident, even in the case of LZ, we have much weaker limits, not competitive with
bounds from di-lepton searches.
On the contrary the regions corresponding to the correct DM relic density are sen-
sitively different with respect to the case of scalar DM. Indeed the pair annihilation
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FIG. 12. The same as fig. (11) but for a Dirac fermion DM where the gray coloured region shows
exclusion from the unitarity bound.
cross-section is not velocity suppressed and can be schematically expressed as:
〈σv〉(ψψ → ff) ≈

g′4m2ψ
pim4
Z′
∑
f
nfc
(
(V Z
′
f )
2
+ (AZ
′
f )
2
)(
(V Z
′
ψ )
2
+ (AZ
′
ψ )
2
)
for mψ <
mZ′
2 ,
g′4
16pim2ψ
∑
f
nfc
(
(V Z
′
f )
2
+ (AZ
′
f )
2
)(
(V Z
′
ψ )
2
+ (AZ
′
ψ )
2
)
for mψ >
mZ′
2 .
(39)
In addition the t-channel mediated annihilation process ψψ → Z ′Z ′ is particularly
efficient, being the corresponding cross-section given by:
〈σv〉(ψψ → Z ′Z ′) ≈ g
′4
pim2Z′
(
(V Z
′
ψ )
2
(AZ
′
ψ )
2
+
v2
3
(AZ
′
ψ )
4 m
2
ψ
m2Z′
)
. (40)
As evident a strong enhancement is originated by the velocity dependent term being
proportional to
m2ψ
m2
Z′
. As well know this kind of behavior lead to a violation of pertur-
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FIG. 13. The same as fig. (12) but for a Majorana fermion DM.
bative unitarity unless new degrees of freedom, like a dark Higgs [162], are added to
cure the pathological behavior of the theory. In absence of a UV completion, we have
imposed, in our simplified framework, a unitarity constraint on the axial coupling AZ
′
ψ
of the form:
AZ
′
ψ ≤
pim2Z′
2m2ψ
. (41)
3. Vector Dark Matter
As already mentioned we will discuss separately the cases of Abelian (real vector)
and non-Abelian (complex vector) DM, in order to exploit different scenarios for what
regards Direct Detection. Similarly to the case of Z-portal, we will consider the following
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two constructions for, respectively, non-Abelian and Abelian DM:
L = g′ηZ′V [[V V Z ′]] + g′
∑
f
fγµ
(
V Z
′
f −AZ
′
f γ
5
)
fZ ′µ, (42)
L = g′ηZ′V µνρσVµZ ′νVρσ + g′
∑
f
fγµ
(
V Z
′
f −AZ
′
f γ
5
)
fZ ′µ, (43)
where the second terms represent interactions among Z ′ and the SM fermions. As
a convention we have normalized, in both cases, the DM coupling to the new gauge
coupling g′. As already discussed in the case of Abelian DM we have considered a
Chern-Simons type interaction [195]. The interaction term of the complex vector DM
can instead arise at the renormalizable level by considering the DM as the vector boson
of an additional non abelian group, the minimal option would be SU(2), and the exactly
mimicking the Electroweak group SU(2) × U(1) (this would require the presence of an
additional Z ′ which we assume to be heavy enough to have a negligible impact in the
phenomenology).
The parameter ηZ
′
V contains the model specific information for [[V V Z
′]] interaction.
The most important difference among the two scenarios relies in the DM-nucleon
scattering cross-section. In the non-Abelian case, interaction with the vectorial current
qγµq are possible, thus leading to the SI cross-section:
σSIV p =
g′4(ηZ′V )
2
µ2V p
pim4Z′
(
V Z
′
u
(
1 +
Z
A
)
+ V Z
′
d
(
2− Z
A
))2
. (44)
In the Abelian case, on the contrary, the only (momentum) unsuppressed interaction,
is with the axial-vector quark current qγµγ5q, so that the interaction with nucleons is
Spin Dependent with cross-section given by:
σSDV n =
3g′4(ηZ′V )
2
µ2V n
pim4Z′
(
AZ
′
u
(
∆puSAp + ∆
p
dS
A
n
)
+AZ
′
d
((
∆pd + ∆
p
s
)
SAp + (∆
p
u + ∆
p
s)SAn
))2
(SAp + S
A
n )
2
.
(45)
Here ∆pi denotes spin content of the ‘i’-th quark flavour inside proton and S
A
p , S
A
n rep-
resent proton and neutron contribution to the spin of nucleus, respectively. For Xenon
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FIG. 14. Combined constraints for Abelian (left panel) and non-Abelian (right-panel) vectorial DM
interacting with a Z′ mediator. In both cases with have chosen SSM couplings of the Z′ with the SM
fermions (see table (I)). Colour scheme is the same as fig. (12).
based detectors SAp  SAn so that the reference cross section is the one of DM on neu-
trons.
The Abelian and non Abelian DM have very different properties also for what regards
annihilations. In the first case we have that the annihilation cross-section into SM
fermions is strongly suppressed, being, in fact, given by:
〈σv〉(V V → ff) ≈
g′4(ηZ′V )
2
m2f
9pim4Z′
v2
∑
f
nfc (A
Z′
f )
2
+
10
81pi
g′4(ηZ
′
V )
2 m2V
(m2Z′ − 4m2V )2
v4
∑
f
nfc
(
(V Z
′
f )
2
+ (AZ
′
f )
2
)
.(46)
Its first non-zero contribution, the p-wave, is suppressed by the final state mass.
Ad exception of the case in with the mass of the Z ′ is not too far from the one of
the top quark, the DM annihilation cross section is actually dominated by the d-wave
contribution and then results suppressed as v4. On the contrary, the DM features a very
efficient annihilation into Z ′ pairs, whether kinematically allowed:
〈σv〉(V V → Z ′Z ′) ≈ 1
18pi
g′4(ηZ
′
V )
4 m2V
m4Z′
. (47)
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Its contribution to the DM relic density is nevertheless limited by the unitarity con-
straint [232, 233]. In the case of non-Abelian vector DM the annihilation cross-section
into SM fermions is only p-wave suppressed:
〈σv〉(V V → ff) ≈ 2g
′4(ηZ′V )
2
pi
v2
m2V
(m2Z′ − 4m2V )2
∑
f
nfc
(
(V Z
′
f )
2
+ (AZ
′
f )
2
)
, (48)
while the annihilation cross-section into Z ′Z ′, instead, features a similar behaviour with
respect to the Abelian case:
〈σv〉(V V → Z ′Z ′) ≈ 1
4pi
g′4(ηZ
′
V )
4 m2V
m4Z′
. (49)
The different limits on the two scenarios are shown, as customary, in the plane
(mZ′ ,mV ), in fig. (14). In the case of non-Abelian DM the weaker limits from DD
do not coincide with a larger viable region for thermal DM since the contemporary sup-
pression of the DM annihilation cross-section into fermions (the annihilation into Z ′Z ′
is strongly limited by unitarity) allow for the correct relic density only above the limit
from LHC dilepton searches ad exception of a tiny region in correspondence of s-channel
resonance. Much worse is the situation in the case of non-Abelian DM. Indeed, already
current limits from Direct Detection overcome the ones from LHC and exclude thermal
DM for both mZ′ and mV below 5 TeV.
IX. DARK PORTALS (PARTIALLY) EVADING DIRECT DETECTION
A. Pseudoscalar portal
We will investigate in this subsection the phenomenology of a pseudoscalar s-channel
portal. Under the assumption, performed along this paper, of CP-invariant interactions,
only fermionic DM can be considered in this case. For simplicity we will limit to describe
Dirac fermionic DM since the Majorana case features no substantial differences. We will
then consider the following Lagrangian:
L = iλaψψγ5ψa+ i
∑
f
ca√
2
mf
vh
fγ5fa, (50)
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where we have assumed, similarly to the case of scalar mediator, Yukawa-like couplings
of the mediator with SM fermions, ensuring a SU(2) invariant construction.
DM relic density is determined by annihilation into SM fermions pairs and, whether
kinematically accessible, aa pairs. At the leading order in the velocity expansion the
corresponding cross section can be analytically approximated as follows:
〈σv〉(ψψ → ff) ≈
∑
f
nfc c2a(λ
a
ψ)
2
2pi
m2f
v2h
×

m2ψ
m4a
for mψ < ma,
1
16m2ψ
for mψ > ma,
(51)
this cross-section is s-wave dominated (hence capable of Indirect DM signals). Given the
Yukawa structure of the couplings with SM fermions this cross-section is sizable, away
from s-channel resonances, only for mψ > mt. In such a case a numerical estimate is
given by:
〈σv〉(ψψ → tt) ≈
 2.5× 10
−25cm3s−1(λaψ)
2c2a
(
mψ
300 GeV
)2(
1 TeV
ma
)4
for mψ < ma,
1.9× 10−24cm3s−1(λaψ)2c2a
(
mψ
300 GeV
)2(
1 TeV
ma
)4
for mψ > ma.
(52)
The annihilation cross-section into aa pairs is, instead, p-wave suppressed:
〈σv〉(ψψ → aa) ≈ (λ
a
ψ)
2
192pim2ψ
v2 ≈ 2.3× 10−26cm3s−1(λaψ)2
(
500 GeV
mψ
)2
. (53)
The most peculiar feature of the pseudoscalar portal scenario is, nevertheless, the
weakness of the interactions possibly responsible of DD 14. Indeed, tree-level interac-
tions between the DM and SM quarks (and gluons), mediated by a pseudoscalar, are
momentum suppressed. They can be described by the following scattering rate for a
target nucleus of mass mT [235]:
dσT
dER
=
(λaψ)
2c2a
128pi
q4
m4a
m2T
mχmN
1
v2E
∑
N,N ′=p,n
gNgN ′F
NN ′
Σ
′′ (q2),
gN=
∑
q=u,d,s
mN
v
[
1− m
mq
]
∆Nq , with m = (1/mu + 1/md + 1/ms)
−1, (54)
14 For this reason it is also dubbed as coy DM [234].
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where vE represents the DM speed in the Earth frame, ER is the nuclear recoil energy
with recoil velocity q, and FNN
′
Σ′′ are (squared) form factors whose (approximate) an-
alytical expressions are found, for example, in ref. [236]. The cross-section of eq. (54)
does not correspond neither to SI nor to SD (although the latter is a good approxima-
tion) interactions; for this reason we have expressed it directly in terms of a differential
cross-section on a nucleus with mass mT .
As can be easily argued the q4 dependence implies a very suppressed scattering rate
so that a potentially detectable signal is produced only for ma ∼ O(10 MeV) [235]. We
won’t consider here these low values of the mass since they are subject to bounds from
low energy observables and rare flavor processes (see e.g., ref. [237] for an extensive
analysis). We also remark that Xenon based detectors, like LUX, XENON and LZ
would be in any case not suited for probing the interaction cross-section of eq. (54) since
it originates from a coupling of the DM mostly with unpaired protons, not present in
Xenon, having instead, isotopes with an odd number of neutrons.
In the setup considered the most relevant interactions originate at the loop level,
from a box diagram in which two pseudoscalars, one DM and one quark state are ex-
changed [238], and are of SI-type. The corresponding cross-section is given by:
σSIψp=
µ2ψp
pi
∣∣∣∣∣∑
q
αqf
p
q
∣∣∣∣∣
2
with αq =
m2q(λ
a
ψ)
2c2a
128pi2m2a
(
m2ψ −m2q
)mψmq
v2
[
F
(
m2ψ
m2a
)
− F
(
m2q
m2a
)]
,
F (x)=
2
3x
[4 + f+(x) + f−(x)] ,
f±(x)=
1
x
(
1± 3√
1− 4x
)(
1 +±√1− 4x
2
)3
log
(
1±√1− 4x
2
)
. (55)
with the coefficients fpq being the same as the ones defined in the case of real scalar
portals (fpc,b,t =
2
27f
p
TG).
As evidenced in fig. (15), this cross-section is very suppressed so that no constraints
come from present experiments. On the contrary, for O(1) values of both the λaψ and
ca couplings, next generation detectors can partially probe the parameter space corre-
sponding to thermal DM.
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More stringent constraints come from DM indirect Detection. Contrary to the scalar
mediator case the DM annihilation cross-section into SM fermions is s-wave dominated.
This processes lead to potential signals in the gamma-ray continuum which can be probed
by the FERMI satellite [104]. In addition, the DM can pair annihilate into two photons,
through an effective coupling between the pseudoscalar mediator and photons, generated
by triangle loops of SM fermions [104]. This process, responsible of the generation of
gamma-ray lines, is strongly constrained by the negative results in present searches [100].
The summary of our analysis is presented, in the usual fashion, in fig. (15). The figure
features three panels corresponding to the assignations (λaψ, ca) = (1, 0.25), (1, 1), (0.25, 1).
As already anticipated the most stringent constraints comes from Indirect DM searches
in DSph galaxies. Indeed the absence of signals excludes thermal DM for mass below
approximately 50 GeV. The most disfavored scenario turns to be the one corresponding
to the assignation λaψ = ca = 1. Indeed a complementary constraint comes from searches
of gamma-ray lines so that the excluded ranges of DM masses reaches order of 100 GeV.
This specific assignation of the couplings has been also investigated at LHC through
searches of events with monojet and missing energy. Due to the absence of any signal,
the region of the parameter space corresponding to 100 . ma . 500 GeV,ma > 2mψ is
currently excluded.
B. Scalar + Light Pseudoscalar portal
In this subsection we will consider the case in which the pseudoscalar mediator is
actually a component of a complex field Φ → (S + ia)/√2 described by the following
lagrangian:
LΦ= ∂µΦ∂µΦ∗ + µ2Φ|Φ|2 − λ|Φ|4 +
2Φ
2
(
Φ2 + h.c.
)
. (56)
We further that, after EWSB, the scalar component of Φ gets non-zero VEV (vΦ), gen-
erating a mass term of its scalar component, mS =
√
2λvΦ while leaving the pseudoscalar
component massless. A mass for this second field is originated by an explicit mass term
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FIG. 15. Summary of constraints from the phenomenology of a fermionic DM in the case of s-channel
pseudoscalar mediator. These are reported in the bi-dimensional (ma, mψ) plane for three assignations
of (λaψ, ca), namely, from left to right, (1, 0.25), (1, 1) and (0.25, 1). The red coloured lines are the iso-
contours of the correct DM relic density. In the yellow coloured regions the DM annihilation cross-section
into SM fermions, computed at present time, exceeds the limit by FERMI from searches of signals in
Dwarf Galaxies [104]. In the orange coloured regions the loop-induced annihilation cross-section into
photon lines exceeds limits set by searches of gamma-ray lines [100]. For (λaψ, ca) = (1, 1) an exclusion
region (gray coloured) from the LHC searches of monojet events [130], as well as projected excluded
regions by XENON1T (magenta coloured) and LZ (purple coloured) are also reported.
ma =
√
2Φ. In this kind of setup it is rather natural to identify the pseudoscalar com-
ponent with a pseudo Goldstone boson associated to a U(1) global symmetry carried by
the complex scalar Φ and then assume that ma  mS [239–241]. We further assume
that after EWSB breaking it is possible to write interaction terms of the fields S and a
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both with SM fermions and a fermionic DM candidate:
−L= m
2
S
2
S2 +
m2a
2
a2 +
√
λ
2
mSSa
2 +
√
λ
2
mSS
3 +
λ
4
(
S2 + a2
)2
+mψψψ + gψ
(
Sψψ + iaψγ5ψ
)
+
∑
f
cS
mf
vh
(
Sff + iafγ5f
)
. (57)
We have again assumed Yukawa-like interactions among S, a and the SM fermions where
the concerned couplings, including a normalization factor of 1/
√
2, are parametrized as
cS .
While the generation of the interaction term with SM fermions would be theoretically
challenging (the simplest option would be represented by the mixing with the SM Higgs,
as considered in the next section), the coupling of ψ could be elegantly derived by
considering the DM chiral with respect to the U(1) global symmetry carried by the field
Φ, i.e. ψ ≡ ψL +ψR, and the assume an interaction of the form (gψψLψRΦ + h.c.). This
interaction would also originate the DM mass so that gψ ∼ mψ/vΦ ∼
√
2λmψ/mS [240,
241]. We won’t explicitly consider this scenario here and rather regard mψ and gψ as
independent parameters.
The main feature of this double s-channel portal scenario is the lower amount of
correlation between DM Direct Detection and relic density, due to the presence of a
light mediator state (see also ref. [242] for a similar idea). Indeed, DM direct detection
relies only on the coupling of the DM with the scalar component of the Φ field. DM relic
density is, instead determined by different annihilation channels, including ff , aa, Sa
and SS involving interactions of both S and a fields. The expressions for the annihilation
cross-sections into fermion and S pairs can be can be straightforwardly derived from the
cases of the scalar and pseudoscalar portals and won’t be then rediscussed in detail. The
annihilation cross-section into a pairs, despite the presence of an additional contribution
from s-channel exchange of S is only moderately altered with respect to the case of the
pseudoscalar portal and we just then refer to its detailed expression presented in the
appendix. The most prominent feature, relevant for DM relic density, is the presence
of Sa as final state for annihilation processes, when kinematically allowed, annihilation
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channel. To this corresponds, in fact, an efficient s-wave annihilation cross-section which
can be analytically approximated as:
〈σv〉(ψψ → Sa) =

g2ψλm
4
S
512pim6ψ
≈ 1.6× 10−25cm3s−1g2ψλ
(
mS
1 TeV
)4(
600 GeV
mψ
)6
mψ < mS ,
g4ψ
16pim2ψ
≈ 2.3× 10−25cm3s−1g4ψ
(
1 TeV
mψ
)2
mψ > mS .
(58)
The comparison between DM relic density and (present and future) experimental
constraints, is performed, in the usual fashion, in fig. (16). Here we have chosen the DM
mass mψ and the scalar mass mS as free parameters while ma has been set to 5 GeV, in
order to avoid dangerous constraints from low energy physics. We have then considered
three assignations for (gψ, cS), i.e., (1,0.25), (1,1) and (0.25,1) while the coupling λ of
the scalar potential has been set to 1.
As evident the presence of annihilation channels, like aa and Sa, involving non-SM
light states allows to achieve the correct relic density, compatibly with constraints from
DM direct detection, for relatively low values of the DM mass without necessarily rely on
s-channel resonances. The presence of s-wave unsuppressed annihilation channels like ff
(contribution from s-channel exchange of the pseudoscalar) and Sa 15 makes mandatory
to consider, besides direct detection, also limits from Indirect Detection. However, for
the chosen parameter assignation, these last constraints have no impact in the region
corresponding to the correct DM relic density.
X. PORTALS TO SECLUDED SECTORS
In this section we will consider the case in which the mediator of the DM interactions
has no direct coupling with the SM fermions. Dark portals can be nevertheless realized,
at the renormalizable level. Indeed the SM features to Lorentz and gauge invariant
bilinears, i.e. H†H and Bµν . The first can be coupled to another scalar bilinear. In
15 For simplicity, we have considered in our analysis only limits from searches in DSph. As pointed
in [240, 243, 244] the annihilation into Sa can lead to box shaped gamma-ray signals which could be
probed in the next future by CTA. However, our choice for ma, implies a too suppressed branching
ratio of decay into gamma-rays for this field. For this reason we have not considered explicitly this
possible signals in our analysis.
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FIG. 16. Summary of constraints for the Scalar + pseudoscalar portal with a fermionic DM in the
bi-dimensional plane (mψ,mS) with ma, λ set to 5 GeV, 1, respectively. The three panels of the plot
refer to the three assignations (gψ, cS) = (1, 0.25) (left), (1, 1) (middle), (0.25, 1) (right). In each plot
the red coloured lines are the contours of the correct DM relic density. The blue, magenta and purple
coloured regions represent the current exclusion by LUX and projected exclusions by XENON1T and LZ,
respectively. In the yellow coloured regions the DM annihilation cross-section at present time exceeds
the limits determined by FERMI from searches of DM annihilations in DSPh.
case also this second scalar field has non zero vacuum expectation value, a mass mixing
with the SM Higgs is generate so that portal interactions with the SM fermions, as well
as the gauge and the Higgs boson itself are generated. The field strength Bµν can be
coupled with the field strenght of another U(1) gauge bosons. This kinetic mixing term
is at the origin, after EW symmetry breaking, of a mixing between the Z and the new
Z ′ boson.
In both these two scenarios, the DM interacts with the SM fields (both fermions and
boson) through a double s-channel mediator. The relevant processes for phenomenology
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are substantially the same already investigated in the cases of the SM and BSM s-channel
dark portals. Contrary to these scenarios we cannot consider order one couplings between
the SM states and the BSM mediators, as well as between the DM and the SM ones,
since the mixing between the Higgs and an additional scalar or the Z and the Z’ are
constrained to be small by several experimental and theoretical constraints.
A. Higgs + Spin-0 portal
In this subsection we will revisit the phenomenology of a real spin-0 mediator Φ
considering the more realistic case in which it also features interaction with the SM
Higgs doublet H. We will thus assume the following scalar potential:
V = VH,SM + V (H,Φ), (59)
where VH,SM is the SM scalar potenti(λh(H
†H)2 + µ2hH
†H) while:
V (H,Φ) = λhSH
†HΦ2 + λΦΦ4 + µ2ΦΦ
2, (60)
here µh, µΦ are parameters with the dimension of mass and µ
2
h, µ
2
Φ < 0 for spontaneous
symmetry breaking. One should note that in VH,SM +V (H,Φ), the condition for getting
a positive definite mass spectrum requires 4λhλΦ > λ
2
hS while λh, λΦ > 0 are necessary
to get VH,SM + V (H,Φ) bounded from below. Combining these two conditions we see
that λhS can take both the positive and negative values. We denote the non-zero VEV of
scalar field Φ as vΦ, so that it can be expanded as Φ = (vΦ + φ) /
√
2. The coupling with
the SM Higgs doublet H induces mass mixing so that, after EWSB (assuming unitary
gauge), we define the following two mass eigenstates [245]: h
S
 =
 cos θ sin θ
− sin θ cos θ
 <H(0)
φ
 , (61)
where <H(0) represents the electrically neutral scalar part of the SM Higgs doublet H
and the mixing angle θ is defined by:
tan 2θ =
λhSvhvΦ
λΦv2Φ − λhv2h
. (62)
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The phenomenology of the mediator sector, thus, can be expressed as functions of
the five parameters λh, λΦ, vh, vΦ, λhS or equivalently in terms of m
2
h, m
2
S , vh, sin θ, λhS
using the following relations [245]:
λh=
m2h
2v2h
+
(m2S −m2h) sin2 θ
2v2h
, λΦ =
2λ2hSv
2
h
sin2 2θ(m2S −m2h)
(
m2S
(m2S −m2h)
− sin2 θ
)
,
and vΦ =
(m2h −m2S) sin 2θ
2λhSvh
. (63)
The mixing between <H(0) and φ (see eq. (61)) indicates that both the mass eigen-
states (h, S) will couple to the SM states as well as to the DM and thus, represents a
two-portal scenario. The couplings of the two s-channel mediators with the SM W±, Z-
bosons and fermions are described by:
LhSSM =
h cos θ − S sin θ
vh
2m2WW+µ Wµ− +m2ZZµZµ −∑
f
mfff
 , (64)
while their cubic self-couplings are given by:
LhS = −κhhhvh
2
h3 − κhhSvh
2
sin θ h2S − κhSSvh
2
cos θ hS2 − κSSSvh
2
S3, (65)
with:
κhhh =
m2h
v2h cos θ
(
cos4 θ + sin2 θ
λhSv
2
h
(m2h −m2S)
)
, κSSS =
m2S
v2h sin θ
(
sin4 θ + cos2 θ
λhSv
2
h
(m2S −m2h)
)
,
κhhS=
2m2h +m
2
S
v2h
(
cos2 θ +
λhSv
2
h
(m2S −m2h)
)
, κhSS =
2m2S +m
2
h
v2h
(
sin2 θ +
λhSv
2
h
(m2h −m2S)
)
. (66)
The parameters λhS and sin θ are subject of several experimental and theoretical
constraints (see e.g. [245] for an extensive discussion). For example non null θ angle
modify the couplings of the Higgs with SM particles and his then constrained by the
measurement of the Higgs signal strength. The coupling λhS is instead constrained by the
stability of the scalar potential. Most of these constraints become increasingly stringent
as mS decreases; for this reason we will focus in our analysis on the case mS > mh.
Analogously to the other spin-0 mediator scenarios, this extended Higgs sector will
be coupled to a scalar DM χ, a fermionic (we will restrict to the Dirac case) DM ψ
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and a spin-1 DM Vµ. We will consider the following Lagrangians for the corresponding
interactions.
In the case of scalar DM we consider the following interaction:
Lχ = λχH |χ|2H†H + λχΦ|χ|2Φ2, (67)
which leads, after symmetry breaking, to the following effective lagrangian:
Lχ = gχχh|χ|2h+ gχχS |χ|2S + gχχhh|χ|2h2 + gχχhS |χ|2hS + gχχSS |χ|2S2, (68)
where:
gχχh =
(
λχHvh cos θ + λ
χ
Φ sin
2 θ cos θ
(m2h −m2S)
λhSvh
)
,
gχχS =
(
−λχHvh sin θ + λχΦ cos2 θ sin θ
(m2h −m2S)
λhSvh
)
,
gχχhh =
(
λχH cos
2 θ + λχΦ sin
2 θ
)
,
gχχhS = 2
(−λχH sin θ cos θ + λχΦ sin θ cos θ) ,
gχχSS =
(
λχH sin
2 θ + λχΦ cos
2 θ
)
(69)
here we have used eq. (63). From eq. (69) it can be seen that without loss of generality
one between the couplings λχH and λ
χ
Φ can be set to zero. We will then pursuing this
minimal choice setting λχH = 0. With this choice we end up with five free-parameters
λχΦ, λhS , sin θ,mχ,mS .
In the case of fermionic DM it is natural, in this setup, to assume a Yukawa-type
coupling with the field Φ of the form:
Lψ = yψψψΦ; (70)
the DM mass is dynamically generated by the VEV of Φ so that mass and DM coupling
are not independent but are related as yψ ∝ mψ/vΦ. This choice allows to reduce the
number of free parameters compared to the scalar DM scenario. The effective couplings
of the DM with the S and h field can be straightforwardly derived by using eqs. (61)
and (63).
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A dynamical generation of the DM mass has been considered also in the embedding
of the interactions of vectorial DM. We indeed identify the DM as a stable gauge boson
of a U(1) dark gauge group 16 spontaneously broken by the vev of a complex field Φ.
The interaction between the latter and the DM are then embedded in the covariant
derivative (DµΦ)
∗DµΦ with Dµ = ∂µ − iη
S
V
2 Vµ
17. After symmetry breaking the DM
lagrangian reads:
LV = 1
2
ηVmV V
µVµS +
1
8
S2V µVµ +
1
2
m2V V
µVµ (71)
where we have used the expression of Φ in the unitary gauge Φ = 1√
2
(vΦ + S) and
mV =
1
2ηV vΦ. The coupling ηV here then represents a gauge coupling.
The processes responsible for DM relic density and detection have been already dis-
cussed in detail for the cases of Higgs and Scalar portal individually; we then just
illustrate the results of our analysis, as reported in fig. (17). We just remind that all the
considered types of DM candidates feature SI interactions with nuclei.
The results are reported in the usual plane (mS ,mDM). The angle θ has been conser-
vatively set to sin θ = 0.1 in order to comply with the constraints from the Higgs signal
strengths. Similarly the coupling λhS has been set to values −0.1 in order to comply
various constraints on the Higgs sector (see e.g., ref. [245] for an extensive discussion).
The couplings λΦH and ηV have been set to 1 while the DM coupling for fermionic DM
is, in our construction, not a free parameter.
As evident the outcome of our analysis presents some sensitive differences with respect
to the case of the spin-0 mediator discussed in the previous sections. In the case of
fermionic and vector DM the limits from Direct Detection are rather effective, as due to
the presence of an additional light mediator. In the case of vector DM the only viable
region, for masses of the DM and the mediator below the TeV scale, corresponds to
the case mV > mS thanks to the enhancement of the DM annihilation cross-section
due to the V V → SS process. In the case of fermion DM the region surviving current
16 Dark matter a gauge boson of dark sector connected to the SM through the Higgs sector has been also
proposed, for different DM production mechanisms, in [246, 247].
17 We have adopted the same definition of the covariant derivative as [248].
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FIG. 17. Summary of constraints for the SM-Higgs + BSM Scalar portal for a scalar (left), Dirac fermion
(middle) and Vector (right) DM. The red coloured contours represent the correct DM relic density while
the blue, magenta and purple coloured regions represent the current exclusion by LUX and the projected
sensitivities of the XENON1T and LZ, respectively. The details concerning the assignations of the model
parameters are discussed in the main text.
constraints corresponds to the “pole” mψ ∼ mS/2. In both cases, next generation of DD
detectors will probe the WIMP paradigm for masses of the DM and the mediator up to
few TeVs. More particular is the case of scalar DM. The shape of the DD contours is
rather different with respect to the other spin-0 mediators. This is due to the different
choice of the energy scale, the vev vΦ rather than the mass of the mediator, which
implies a larger cross-section at higher values of mS . On the contrary, as can be noticed
by eq. (69), for λHχ = 0 the DM couplings become smaller as mh and mS get close in
value 18. For the chosen parameter assignations a large region of viable thermal DM is
present in the regime mχ > mS for rather light mS . A sizable part of this region will be
excluded by absence of signals at XENON1T and LZ.
18 In the case of scalar DM would be even possible to generate a “blind spot” in the scattering cross-
section by a rather specific choice of the couplings λH,Φχ [202, 249] which would be induce a destructive
interference between the amplitudes associated to the h and S exchange. A different solution for
relaxing Direct Detection constraints in presence of multiple scalars singlet coupled to the Higgs has
been recently proposed in [250]
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B. Kinetic mixing
We will reconsider in this section the scenario in which the DM is coupled to the
gauge boson of a new U(1) group. In this case, however, SM fermions won’t be charged
under the new gauge group so that no direct couplings with the new gauge boson are
induced. The “dark” and visible sectors are nevertheless connected by a kinetic mixing
operator BµνX
µν which can already exist at the tree level, being both Lorentz and
gauge invariant, or be, alternatively, radiatively generated (for example if the new gauge
sector features new fermions with non-trivial quantum numbers under the SM gauge
group [251]).
We will then consider the following Lagrangian with δ as the kinetic mixing param-
eter:
L = −1
4
BµνBµν − 1
4
XµνXµν − 1
2
sin δBµνXµν +
1
2
m2XX
µXµ + L′SM + LDM, (72)
where Bµν and Xµν are, respectively, the fields strength of the hypercharge and of new
U(1) charge. L′SM is the SM Lagrangian besides the already written kinetic term of
Bµν , while LDM is the DM Lagrangian including the kinetic and mass term as well as
a coupling with the Xµ boson. These terms will depend on the spin assignation of the
DM. We will consider the following cases:
LDM =

LDM = (Dµχ)∗Dµχ−m2χχ∗χ (complex scalar)
LDM = ψγµDµψ −mψψψ (Dirac fermion)
LDM = ηXV [[V V X]] +m2V V †µV µ (non-Abelian vector)
(73)
As already discussed, a very natural option to couple a scalar and or a fermionic DM to a
new gauge boson is to assume it to be charged under the new symmetry group so that its
interactions originate from the covariant derivative Dµ = ∂µ − igXXµ 19. Slightly more
complicated is the case of vectorial DM. Here we have assumed a analogous coupling as
the one, in the SM, between the Z and two W bosons 20. The coupling ηXV encodes the
19 Notice that in the definition of gX we have also encoded the value of the DM charge.
20 The case of an Abelian vector DM will be object of a dedicated publication.
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gauge coupling gX and eventual extra factors entering in the definition of the couplings.
mχ, ψ, V denote the respective DM masses of different spin assignments.
The kinetic term in eq. (72) should be diagonalized and canonically normalized.
After EWSB, it is possible to define three mass eigenstates for the neutral gauge bosons
through the following two consecutive transformations [211–213, 252]:
Bµ
W 3µ
Xµ
 =

1 0 − tan δ
0 1 0
0 0 1/ cos δ


cWˆ −sWˆ cos ξ sWˆ sin ξ
sWˆ cWˆ cos ξ −cWˆ sin ξ
0 sin ξ cos ξ


Aµ
Zµ
Z ′µ
 , (74)
where, cWˆ , sWˆ = cos θWˆ , sin θWˆ and the angle ξ is defined by:
tan 2ξ =
−2m2
Zˆ
sWˆ cos δ sin δ
m2X −m2Zˆ cos δ2 +m2Zˆs2Wˆ sin δ2
. (75)
Notice that the transformation given in eq. (74) leads to physical solutions only if
one of these conditions is met [212]:
rX≥ 1 + 2sWˆ tan2 δ + 2
√
s2
Wˆ
tan2 δ
(
1 + s2
Wˆ
tan2 δ
)
,
rX≤ 1 + 2sWˆ tan2 δ − 2
√
s2
Wˆ
tan2 δ
(
1 + s2
Wˆ
tan2 δ
)
, where rX =
m2X
m2
Zˆ
. (76)
In the expressions above sWˆ , mZˆ do not represent the experimental measures of
the Weinberg angle and of the Z-boson mass but are related to the latter, i.e., sW ≡
sin θW , mZ , as function of δ. Indeed, since the photon coupling does not change once
passing to “physical” basis, one can write:
c2W s
2
W =
c2
Wˆ
s2
Wˆ
1 + sWˆ tan ξ tan δ
, with cW ≡ cos θW . (77)
In analogous fashion, the preservation of the mass of the W -boson by the transfor-
mation allows to relate the kinetic mixing parameter to the ρ parameter as:
ρ =
c2
Wˆ(
1 + sWˆ tan δ tan ξ
)
c2W
(78)
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The previous relation can be reformulated as:
ω = sW tan δ tan ξ ' −
(
1− t2W
)
∆, where ∆ = ρ− 1 and t2W = tan2 θW . (79)
So that ρ−1 = 4+8−4×10−4 measurement [194] can be used to constrain the parameter
δ.
The kinetic mixing parameter is further constrained by EW Precision Tests (EWPT) [253,
254] which reads as:
tan δ ≤ mZ′
2.5 TeV
. (80)
The spectrum of the neutral gauge bosons features one massless eigenstate, coinciding
with the SM photon, and two massive states. Their masses, in the (experimentally
favored) sin δ, sin ξ ∼ δ, ξ  1 limit, are given as:
m2Z' m2Zˆ +
(
m2
Zˆ
−m2X
)
ξ2,
m2Z′' m2X +m2Xξ
(
ξ − sWˆ δ
)−m2
Zˆ
(
ξ − sWˆ δ
)2
, (81)
where mZ must coincide with the experimental value of the mass of the Z boson.
The interactions (relevant for DM phenomenology) of the Z,Z ′ with the SM states
are described by [212]:
LZ/Z′,SM= fγµ
(
gZfLPL + g
Z
fR
PR
)
fZµ + fγ
µ
(
gZ
′
fL
PL + g
Z′
fR
PR
)
fZ ′µ + g
Z
W [[W
+W−Z]]
+gZ
′
W [[W
+W−Z ′]] + ghZZhZµZµ + ghZZ′hZ ′µZ
µ + ghZ′Z′hZ
′
µZ
′µ, (82)
where:
gZfL= −
g
cW
cos ξ
{
T3
(
1 +
ω
2
)
−Q
[
s2W + ω
(
2− t2W
2(1− t2W )
)]}
,
gZfR=
g
cW
cos ξ
{
Q
[
s2W + ω
(
2− t2W
2(1− t2W )
)]}
(83)
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gZ
′
fL
= − g
cW
cos ξ
{
T3
[
sW tan δ − tan ξ + ω
2
(
tan ξ +
sW t
2
W tan δ
1− t2W
)]
+Q
[
s2W tan ξ − sW tan δ +
1
2
t2Wω
(
tan ξ − sW tan δ
1− t2W
)]}
,
gZ
′
fR
= − g
cW
cos ξ
{
Q
[
s2W tan ξ − sW tan δ +
1
2
t2Wω
(
tan ξ − sW tan δ
1− t2W
)]
.
}
(84)
gZW = gcW cos ξ
(
1− ω
2(c2W − s2W )
)
, gZ
′
W = −gcW sin ξ
(
1− ω
2(c2W − s2W )
)
. (85)
ghZZ=
m2Z
vh
cos ξ2(1 + ω),
ghZZ′= 2
m2Z
vh
cos ξ2
[
2sW tan δ − tan ξ + ω
(
tan ξ +
sW t
2
W tan δ
1− t2W
)]
,
ghZ′Z′=
m2Z
vh
cos ξ2
[
tan2 ξ + s2W tan ξ − ω
(
2 + tan2 ξ − s
2
W t
2
W tan
2 δ
1− t2W
)]
. (86)
Here T3, Q are the iso-spin quantum number and electric charges of the associated
SM fermions. The coupling of the DM with the two mass eigenstates are given by:
Lχ = gX (χ∗∂µχ− χ∂µχ∗)
(
gXDMZ
µ + gZ
′
DMZ
′µ
)
Lψ = gX ψ¯γµψ
(
gXDMZ
µ + gZ
′
DMZ
′µ
)
LV = ηXV
(
gZ
′
DM[[V V Z
′]] + gZDM[[V V Z]]
)
(87)
with gZ
′
DM =
cos ξ
cos δ and g
Z
DM = − sin ξcos δ As evident, in the physical basis, the DM is connected
to the SM sector by two s-channel mediators, the Z and the Z ′. The DM relic density
is determined by annihilation processes into fermion pair final states, WW and Z(Z ′)h,
induced by s-channel exchange of the mediators, and ZZ, Z ′Z and Z ′Z ′, induced by
t-channel exchange of a DM state. The corresponding rates can be straightforwardly
derived from the cases of Z/Z ′ portals so won’t be rediscussed in detail here. Similarly
to scenario already described, DM direct detection relies, in all cases but the Abelian
vector DM, on SI interactions, which induces a scattering cross-section written, for the
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case of the proton, as:
σSIχp/ψp/V p=
µ2χp/ψp/V pc
2
X
pi
[
bp
Z
A
+ bn
(
1− Z
A
)]2
,
where bp =2bu + bd, bn = bu + 2bd, and bf =
gZDM
(
gZfL + g
Z
fR
)
2m2Z
+
gZ
′
DM
(
gZ
′
fL
+ gZ
′
fR
)
2m2Z′
.(88)
here µχp/ψp/V p, as already illustrated, denotes the concerned reduced masses. cX encodes
the DM couplings g2X (for complex scalar and fermion) or η
X
V (for vector) and eventual
overall factors, depending on the kind of DM candidate, in the expression of the cross-
section.
The interplay between DM relic density and direct detection is shown, for the various
spin assignations of the DM, in fig. (18). We have considered two assignations of the
kinetic mixing parameter, the first corresponding to the present limit from EWPT, i.e.,
taking the equal sign in eq. (80), the second to the constant value δ = 0.01. This
last choice is inspired by models in which the kinetic mixing parameter is radiatively
generated upon integrating out heavy degrees of freedom charged under both U(1)V and
U(1)X [251, 255].
By comparing the outcome of fig (18) with the scenarios of direct coupling of the
Z ′ with the SM fermions we notice that Direct Detection probes a more limited region
of the parameters space. This because the scattering cross-section depends on coupling
suppressed by the small parameter δ. However, this kind of suppression affects also DM
annihilation processes, ad exception of the Z ′Z ′ final state so that a strong tension with
experimental constraints, analogously, for example, to the SSM, still persists. We notice
indeed that the thermal DM is excluded for masses below the TeV scale unless small
values, O ∼ (0.01), of the kinetic mixing parameter are taken. Even in such a case, the
correct relic density is achieved only at the mZ′/2 pole or for mχ,ψ,V > mZ′ where it is
accounted annihilation into Z ′Z ′ without relying on the kinetic mixing parameter. These
setups will be nevertheless excluded in absence of signals in next generation multi-TON
experiments.
As explicitly indicated in the panels of fig. (18) we have considered only the case
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FIG. 18. Combined constraints for the scalar (left column), fermion (middle column) and non-Abelian
vector (right column) DM interacting with a Z′, kinetically coupled with the SM Z boson. In top-row
plots the kinetic mixing parameter δ has been set to the maximal value, as a function of mZ′ , consistent
with the EWPT constraints while for the bottom-row plots δ has been set to a constant value of 0.01.
We set gX = 1 for all these plots. In this figure the red coloured curve represents the contour of correct
DM relic density. The blue coloured region is excluded by the current constraints from LUX while the
magenta and purple coloured regions would appear excluded in the absence of signals from XENON1T
(after two years of exposure) and LZ, respectively.
mZ′ > mZ . The opposite regime (often dubbed as dark photon) would be also feasible,
although the constraints on δ would be even stronger because of eq. (80) and additional
constraints from g−2 and parity violation effects in atomic physics [212] as well as from
low energy colliders [256]. We have checked that the low mass Z ′ regime is substantially
excluded by current direct detection limits, unless considering DM masses below the
sensitivity of DD experiments, and we have then not explicitly reported it.
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XI. T-CHANNEL PORTALS
We finally consider, in this section, the case in which the DM has not pair coupling but
it is instead coupled with one mediator state and a SM quarks. Keeping the assumption
that the DM is a SM singlet the simplest option is to consider the coupling with right-
handed quarks through a color triplet (with suitable assignation of the hypercharge)
mediator.
We will then consider the cases of a complex scalar DM χ, coupled with a Dirac
fermionic mediator Ψq, and a fermionic (Dirac or Majorana) DM ψ coupled with a
scalar field Σq according the following Lagrangians
21:
L = λΨqΨqχqR + h.c. or L = λΣqψΣqqR + h.c., q = u or d. (89)
Under the assumption of the introduction of one mediator field, the DM can be
coupled only either to up-type or down-type quark 22. Since there are not substantial
differences we will focus just on the first possibility.
Given the coupling (89), cosmological stability of DM is achieved only if mψ <
mΣu(mχ < mΨu) and if both the DM and the mediator are charged under some new
quantum number so that couplings of the mediator with only SM states are forbid-
den 23. In order to avoid possible occurrence of flavor violation effects, with conse-
quent strong constraints on the coupling λΨµ(λΣµ) we assume that the mediator carries
also a flavor quantum number (a “flavored DM” [260] would be equally feasible), i.e.,
Σu ≡ (σu, σc, σt)(Ψu ≡ (ψu, ψc, ψt)), and that the interactions (89) are flavor conserving.
This is achieved by assuming the component of the mediator fields to be degenerate in
21 Given the non-trivial gauge charges the t-channel mediators will be coupled with the gluon, the photon
and the Z-boson. We will omit for simplicity of explicitly writing these interactions. In the case of the
scalar mediator a 4-field coupling with the Higgs doublet can arise at tree-level, being renormalizable.
We will assume that the corresponding coupling is negligible.
22 In eq. (89) the labels u and d refer globally to up- and down-type quarks. The couplings and the
masses of the mediator fields carry also a generation index which is not explicitly reported (see main
text for further clarification)
23 By relaxing this hypothesis it is possible to have a viable decaying DM candidate model with charac-
teristic phenomenology [257–259]. In this case very low values of the couplings should be assumed.
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mass, we call mΣu and mΨu these masses, and the couplings λΨu , λΣu (being actually
matrices) to be diagonal in the flavor space. For further simplification we will assume
all the couplings to be equal and the drop the flavor index.
Concerning DM phenomenology the relic density is determined, for all the three
type of candidate, by annihilation processes into fermion pairs induced by t-channel
exchange of the mediator field. For close values of the DM and mediator masses coan-
nihilation processes, like ψΣu(Ψuχ)→ qg and mediator pair annihilation processes like,
ΣuΣu(ΨuΨu)→ qq, gg induced by gauge interactions, might become also important. In
analogous fashion as the other models reviewed in this work we have focused on the assig-
nations λΨu , λΣu = 1. In such a case the dominant contribution to the DM relic density
comes from pair annihilations into SM fermions. We can then achieve an analytical de-
scription through some simple approximations of the corresponding cross-sections, based
on the velocity expansion (more complete expressions are presented in the appendix):
〈σv〉Complex Scalar = 3(λΨu)
4m2t
16pi
(
m2χ +m
2
Ψu
−m2t
)2(1− m2tm2χ
)3/2
+
3(λΨµ)
4m2χv
2
8pim4Ψu
(
1 +
m2χ
m2Ψu
)−2
,
〈σv〉Majorana = 3(λΣu)
4m2t
32pi
(
m2ψ +m
2
Σu
−m2t
)2
√√√√(1− m2t
m2ψ
)
+
3(λΣµ)
4m2ψv
2
8pim4Σu
(
1 +
m2ψ
m2Σu
)−2
,
〈σv〉Dirac =
∑
f=u,c,t
3(λΣu)
4m2ψ
32pi
(
m2ψ +m
2
Σu
−m2f
)2
√√√√1− m2f
m2ψ
. (90)
In the cases of complex scalar and Majorana DM the s-wave term of the annihilation
cross-section is helicity suppressed so that, ad exception of values of the DM mass close
to the one of the top, the dominant contributions comes from the p-wave term, leading
to the following estimate:
〈σv〉 ≈ 1.7× 10−26cm3s−1
( mψ
200 GeV
)2(1 TeV
mΣu
)4
(λΣu)
4. (91)
On the contrary the annihilation cross section of Dirac DM is s-wave dominated and
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can be estimated as:
〈σv〉 = 4.2× 10−26cm3s−1
( mψ
200 GeV
)2(1 TeV
mΣu
)4
(λΣu)
4. (92)
For what regards Direct Detection, it relies on scattering of the DM on up-quarks
through s-channel exchange of the mediator. In the cases of complex scalar and Dirac
fermionic DM these interactions lead to SI cross-sections (in the case of Dirac fermion also
SD scattering is present but its impact is negligible given the much weaker experimental
limits) whose expressions are:
σSIχp =
(λΨu)
2m2p
32pi
(
m2Ψu −m2χ
)2[fpZA + fn
(
1− Z
A
)]2
(Complex scalar),
σSIψp =
(λΣu)
2µ2ψp
64pi
(
m2Σu −m2ψ
)2[fpZA + fn
(
1− Z
A
)]2
(Dirac Fermion), (93)
with fp = 2, fn = 1 [61, 69].
On the contrary, in the case of Majorana DM, one should consider SD interactions
described by the following cross-section:
σSDψn =
3(λΣu)
2µ2ψp∆
2
nu
16pi
(
m2Σu −m2ψ
)2 . (94)
The results of our analysis are presented in the planes (mχ,mΨu) and (mψ,mΣu),
with couplings set to 1, in fig. (19) and (20) for fermionic DM.
As evident, the cases of scalar and Dirac fermion DM, in which unsuppressed SI
interactions are present, are already substantially ruled out 24. Only the case of Majorana
DM survives to present constraint and will be probed, for masses of both the DM and
the mediator up to few TeV, by next future DD experiments.
24 One could weaken the constraints by taking smaller values of the couplings. However relic density
would be achieved only in the very fine-tuned coannihilation regime.
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FIG. 19. Combined constraints for a complex scalar DM χ coupled with the right-chiral up-type quarks
through a Dirac fermionic t-channel mediator Ψu. The results are in the bi-dimensional plane (mΨu ,mχ)
and the coupling λΨu has been set to 1. The red colored curve corresponds to the contour of correct DM
relic density. The blue colored region is excluded by the current constraints from LUX while the magenta
colored region will be excluded in the absence of signals from XENON1T after two years of exposure.
The gray colored region corresponds to mχ > mΨu for which the DM would not be cosmologically stable.
FIG. 20. The same as fig. (19) but for the case of a Dirac (left panel) or Majorana (right panel) fermion
DM and scalar t-channel mediator Σu.
XII. SUMMARY AND DISCUSSION
We have discussed impact of current, and possible future, direct detection limits,
possibly complemented by ones from collider searches, in several simplified realizations
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of WIMP DM.
The first and simplest classes of models considered are the ones in which the interac-
tions of pairs of SM singlet scalar, fermionic and vectorial DM and pairs of SM fermions,
are mediated by electrically neutral s-channel (portal) mediators. In the most minimal
case the particle spectrum of the SM should be complemented by just a new state, i.e.,
the DM candidate, since portal interactions can be mediated either by the Higgs or by
the Z-boson, although in the last case a theoretically consistent construction is more
contrived. In the case of Higgs portal, for all the DM spin assignations, SI interactions
with nucleons are induced. The consequent very strong limits, due to the light mediator,
are incompatible with thermal relic density ad exception of masses above the TeV scale
or the “pole”, i.e., mDM ' mh/2, region. This last scenario would be nevertheless ruled
out in case of absence of signals at XENON1T and LZ. In the Z-portal scenario current
limits on the SI cross-section already exclude the pole region. These strong limits can be
nevertheless partially overcome in two setups: fermionic DM with only axial couplings
with the Z, as naturally realized in the case of Majorana DM, and vector DM coupled
through Chern-Simons term. In these two cases the DM features SD interactions with
nuclei, whose constrains are sensitively weaker. In particular, in the case of Majorana
fermion, thermal DM with mass of few hundreds of GeV would remain viable even in
absence of signals at next generation detectors.
The Higgs and Z-portal setups are easily extended to the case of BSM spin-0 and
spin-1 mediators. In the case of scalar mediators we have imposed, in order to preserve
SU(2) invariance, a yukawa structure for the couplings of the mediator with SM fermions.
This, on one side, implies a suppression of the DM annihilation cross-section for masses
below the one of the top (unless the SS final state is kinematically accessible). At the
same time also possible collider signals are strongly suppressed so that corresponding
limits are not competitive with respect to the ones from Direct Detection and have been
neglected for simplicity. Despite the different velocity dependence of the annihilation
cross section, the regions of the correct relic density are then mostly determined by the
Yukawa structure of the couplings of the mediator with the SM fermions. The correct
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relic density is indeed obtained, far from resonance regions, only when the tt and/or SS
annihilation channels are kinematically open. Regarding Direct Detection, the limits are
associated to the SI component of the DM scattering cross-section for all the different
assignations of the DM spin. The shape of the DD isocontours are, however, different
in the various DM scenarios. This is due to the different assignation of the dimension-1
couplings of the scalar and vectorial DM. Theoretical considerations suggested, indeed,
to parametrize these couplings in terms of a fundamental mass scale, the mass of the
mediator and the DM mass in the cases, respectively, of scalar and vectorial DM and
an unknown dimensionless coupling. Current limits still allow masses of few hundreds
GeV for both the DM and the mediator while XENON1T, in absence of signals after
two years of exposure, will exclude mediator masses up to approximately 1 TeV and
DM masses of up to few TeVs. Given the several free parameters, for clarity of the
picture, we have focused our investigation on the masses of the new particle states and
fixed the couplings to be close to order one (see in alternative e.g., ref. [261]). We notice
on the other hand that lowering the couplings would contemporary suppress both the
direct detection rate and the DM annihilation cross-section, in particular the SS channel
becomes negligible as soon as the DM couplings λSχ,ψ,V deviates sensitively from order 1
values. As a consequence, in this setup, thermal DM is achieved only in the pole region
which results particularly fine tuned because of the typically small width of the scalar
mediator.
The scenario of spin-1 BSM s-channel mediator is even more constrained than the
spin-0 case. Indeed the constraints from SI cross-section are typically much stronger,
because of an effective enhancement of the cross section due to the isospin violation
interactions of the Z ′ with nucleons, as the scalar case, so that masses of the DM and
the mediator below approximately 5 TeV are already excluded. In case of no signals
at next generation DD experiments the exclude regions will extend up to masses of the
order of 10 TeV, beyond the reach of LHC. In addition, the (reasonable) assumption
of a Z ′ coupled with both quark and leptons implies a strong complementarity with
LHC searches of dilepton resonances. The corresponding limits, exclude, for the models
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considered here, masses of the Z ′ between 2 and 3 TeV (the exclusion can be even
above 4 TeV in other realizations [262]), even in setups in which the SI component of
the DD cross section is suppressed or absent. We remark again that, despite in our
analysis we have limited to some fixed assignations of the couplings, our results have
general validity because of the strong correlation between the DM relic density and the
scattering rate of nucleons. For example reducing the size of the couplings would actually
reduce the viable parameter regions since the correct relic density would be achieved only
in correspondence of s-channel resonances.
Despite our work is focused on scenarios probed by current and next future Direct
Detection experiments, we have nevertheless also discussed the a setup in which DD is, in
general evaded: the pseudoscalar portal. Under the assumption of CP conservation only
fermionic DM is considered in this case. Most of the parameter space is substantially
insensitive to Direct Detection (we remind that we have, conservatively, considered values
of the pseudoscalar mass above 1 GeV in order to avoid flavour constraints) since tree
level interactions with nucleons are momentum suppressed and, furthermore, are not
subject to coherent enhancement. A rather limited region of the parameter space might
be still probed by 1- and multi-TON detectors because of a 1-loop induced SI cross-
section. Thermal DM is nevertheless sensitively constrained from Indirect Detection. In
addition, there is again a strong complementarity from collider constraints, dominated,
for this scenario, by monojets. A light pseudoscalar mediator could be interpreted as
the pseudo-goldstone boson of a spontaneously broken global U(1) symmetry. We have
then considered the case of complex scalar mediator which can be decomposed into a
scalar and light pseudoscalar component. Although in this case sizable direct detection
limits are reintroduced, thermal DM is viable in large portions of the parameter space
due to the presence of efficient annihilation processes in the aa and Sa final states.
We have then performed some steps towards more theoretically motivated realizations
of Dark portals. As well known, the bilinears H†H and Bµν are Lorentz and gauge
invariant, so naturally lead to portal interactions with a dark sector (even if this is
completely secluded). We have thus considered the cases of scalar mediator is coupled
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both to the DM and Higgs boson and mixes with the latter because of a non zero vev
and of a Z ′ coupled to the Z boson and, in turn, with the other SM states through a
kinetic mixing term, also responsible of a mixing between the two spin-1 states. Also
for what regards the coupling of the DM with the mediators we have considered less
generic assignations with respect to the cases considered in the previous sections. In the
case of Higgs+Scalar portal we have explicitly considered a dynamical origin for the DM
mass. Indeed fermion DM has been assumed to have Yukawa coupling so that its mass
is originated by the vev of the new scalar field. Similarly, vector DM has been assumed
to be the vector boson of a spontaneously broken dark U(1) gauge symmetry and its
mass is again related to vev of the new field.
As last case of study we have relaxed the hypothesis that of a SM singlet BSM
mediator and rather assigned it non trivial quantum numbers under color and electro-
magnetism. In this case the a single DM state is coupled with the mediator and a SM
fermion, according the coupling assignation of the mediator (for simplicity we have re-
stricted our analysis to couplings with right-handed up-type quarks). Contrary to the
other scenarios considered in this work DM pair annihilation occurs through t-channel
exchange of the mediator while DD scattering is induced by its s-channel exchange. Re-
stricting for simplicity to the case in which the mediator field has the same quantum
numbers, with to respect the SM gauge group, as the right-handed up quarks, the sce-
narios, i.e. Complex Scalar and Dirac fermion, in which SI interactions are present are
excluded, for order 1 values of the couplings, for masses up to order of 10 TeV. On
the contrary, thermal Majorana DM is still viable for scales below the TeV and will be
extensively probed by next generation of DD experiments.
XIII. CONCLUSIONS
We have reviewed the theoretical foundations of the WIMP paradigm and discussed
the detection methods and a multitude of models and constraints encompassing scalar,
vector and fermionic dark matter setups. In light of the extensive search for dark matter
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combing complementary probes namely, direct indirect and collider, we assessed the
status of simplified models accounting for current and projected limits.
In particular, we have reviewed well known portals such as the Higgs portal and
the Z-portal. We have also addressed the so popular dark Z ′ portal and many others
models that possess in their spectrum more than one mediator. Moreover, we have
also investigated new models dictated by the kinetic mixing, often used in dark photon
models.
We concluded that the simplest constructions, i.e., the SM dark portals will be sub-
stantially ruled out, ad exception of the case of fermionic DM with only axial couplings
with the Z-boson (e.g., Majorana DM), in absence of signals in next generation of Direct
Detection experiments.
The most straightforward extension of SM dark portals, represented by the intro-
duction of BSM s-channel mediators, are, similarly, strongly constrained in presence of
Spin-independent interactions of the DM off of nuclei. In particular, the case of spin-1
mediator is strongly disfavored because of the presence of complementary constraints
from searches of resonances at the LHC, pushing the dark matter mass to the multi-TeV
scale.
The tension with direct detection constraints can be relaxed in somehow next-to-
minimal scenarios, featuring multiple mediators or new states lighter than the DM (we
have reviewed the example of a light pseudo-scalar).
In summary, we combined a plethora of experimental data set and theoretical models,
computing the relic density, direct, indirect and collider observables to have a clear
picture of where the WIMP paradigm stands and the prospects. It is clear that most of
the WIMP models will be scrutinized in the next decades, highlighting the paramount
role of the next generation of experiments.
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Appendix A: Annihilation cross-sections
The thermal average is defined as:
〈σv〉 = 1
8m4χTK2
(mχ
T
)2 ∫ ∞
4m2χ
dsσ(s)
√
s
(
s− 4m2χ
)
K1
(√
s
T
)
(A1)
Away from resonances, a manageable analytical expression for the thermally averaged
pair annihilation cross section is obtained by performing the formal velocity expansion,
in the non-relativistic limit, as defined in [23]. The thermally averaged cross section can
be computed as:
〈σv〉 = 2x
3/2
pi1/2
∫ ∞
0
σvlab
1/2e−x (A2)
where:
vlab =
21/2(1 + )1/2
(1 + 2)
 =
s− 4m2χ
4m2χ
x =
mχ
T
(A3)
73
This kind of integral can be analytically computed by considering an expansion in series
of  of σvlab, namely:
σvlab = a0 + a1+ a2
2 · · · (A4)
We will report in the following the full analytical expressions for the thermally aver-
aged cross-section in the dark portal scenarios investigated in this work, in the velocity
expansion. We will adopt a general notation of the couplings so that the various ex-
pression can be applied to the different models discussed in the main text as well as
being of more general utility. Notice that the coupling of scalar mediators with scalar
and vector field are dimensional, rather than be decomposed, as the main text, into a
physical scale and an dimensionless parameter. In the case of spin-0 and spin-1 portals,
the expressions for, respectively, hh and ZZ and Zh final states can be derived directly,
by suitable substitution, from the ones corresponding to the SS, Z ′Z ′ and Z ′h final
states. The Higgs+scalar portal and the kinetic mixing models feature, for the DM, also
annihilation processes into, respectively, hS and ZZ ′ final states. We won’t explicitly
report the corresponding expressions since particularly complicated. We remind that
the velocity expansion is not valid in vicinity of s-channel resonances and kinematic
threshold of annihilation channels [23, 25].
1. Scalar portal
a. Scalar Dark Matter
χ∗χ→ ff :
〈σv〉ff =
∑
f
Ncf
|gχχS |2c2Sm2f
(
m2χ −m2f
)
3/2
8piv2hm
3
χ
(
m2S − 4m2χ
)2 (A5)
χ∗χ→W+W−:
〈σv〉WW = |gχχS |
2|gWWS |2
√
m2χ −m2W
(−4m2χm2W + 4m4χ + 3m4W )
64pim3χm
4
W
(
m2S − 4m2χ
)2 (A6)
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χ∗χ→ ZZ
〈σv〉ZZ = |gχχS |
2|gZZS |2
√
m2χ −m2Z
(−4m2χm2Z + 4m4χ + 3m4Z)
128pim3χm
4
Z
(
m2S − 4m2χ
)2 (A7)
χ∗χ→ SS
〈σv〉SS = 1
64pim2χ
√
1− m
2
S
m2χ
(
2|gχχSS |2 − 2gχχSgSSSgχχSS
m2S − 4m2χ
+
|gχχS |2|gSSS |2(
m2S − 4m2χ
)2 + 4|gχχS |4(
m2S − 2m2χ
)2
− 4gχχSgSSSgχχSS(
m2S − 4m2χ
) (
m2S − 2m2χ
) + 4gχχSS |gχχS |2
m2S − 2m2χ
)
(A8)
b. Fermionic Dark Matter
ψψ → ff :
〈σv〉ff = |λSψ|2
∑
f
nfc
c2Sm
2
f
(
m2ψ −m2f
)
3/2
4pimψv2h
(
m2S − 4m2ψ
)2 v2 (A9)
χχ→W+W−:
〈σv〉WW = |λSψ|2|gSWW |2
√
m2ψ −m2W
(−4m2ψm2W + 4m4ψ + 3m4W )
64pimψv2h
(
m2S − 4m2ψ
)2 v2 (A10)
ψψ → ZZ:
〈σv〉ZZ = |λSψ|2|gSZZ |2
√
m2ψ −m2Z
(−4m2ψm2Z + 4m4ψ + 3m4Z)
128pimψv2h
(
m2S − 4m2ψ
)2 v2 (A11)
ψψ → SS:
〈σv〉SS = v
2
192pim2ψ
√
1− m
2
S
m2χ
(
3|gSSS |2|λSψ|2m2ψ
(m2S − 4m2ψ)2
+
8gSSS(λ
S
ψ)
3m3ψ(2m
2
S − 5m2ψ)
(m2S − 4m2ψ)(m2S − 2m2ψ)2
+
16|λSψ|4
(
9m8ψ − 8m6ψm2S + 2m8S
)
(m2S − 2m2ψ)4
)
(A12)
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c. Vectorial Dark Matter
V V → ff
〈σv〉ff =
∑
f
nfc |gV V S |2
c2Sm
2
f
v2h

√
4− 4m
2
f
m2
V
(
4m2V − 4m2f
)
96pim2V (4m
2
V −m2S)2
v2
√
1− m
2
f
m2
V
(
m2f
(
7m2S − 76m2V
)
+ 2m2V
(
m2S + 20m
2
V
))
144pim2V (m
2
S − 4m2V )3
 (A13)
V V →W+W−:
〈σv〉WW =
 |gWWS |2|gV V S |2
√
4− 4m
2
W
m2
V
(16m4V −16m2Vm2W+12m4W )
768pim2
V
m4
W (4m
2
V
−m2
S)
2
− |gWWS |
2|gV V S |2v2(3m6W (76m2V −7m2S)+16m2Vm4W (m2S−25m2V )−32m6V (m2S+2m2V )+4m4Vm2W (7m2S+68m2V ))
1152pim4
V
m4
W (m
2
S
−4m2
V )
3
√
1−m
2
W
m2
V

(A14)
V V → ZZ:
〈σv〉ZZ =
 |gV V S |2|gZZS |2
√
4− 4m
2
Z
m2
V
(16m4V −16m2Vm2Z+12m4Z)
1536pim2
V
m4
Z(4m
2
V
−m2
S)
2
− |gZZS |
2|gV V S |2v2(3m6Z(76m2V −7m2S)+16m2Vm4Z(m2S−25m2V )−32m6V (m2S+2m2V )+4m4Vm2Z(7m2S+68m2V ))
2304pim4
V
m4
Z(m
2
S
−4m2
V )
3
√
1−m
2
Z
m2
V

(A15)
V V → SS
76
〈σv〉SS =
√
1−m
2
S
m2
V
288pim2
V
[
3g2SSSg
2
V V S
(m2S−4m2V )
2 +
4gSSSg
3
V V S
m2
S
m2
V
−2m4
V
− 3gSSSgV V SgV V SS
m2
S
−4m2
V
+4g4V V S
(
2
(m2S−2m2V )
2 +
1
m4
V
)
− 2g
2
V V SgV V SS(m
2
S−4m2V )
m2
V (m
2
S
−2m2
V )
+
3g2V V SS
4
]
+ v
2
27648pim7
V (m
2
S
−4m2
V )
3(m2S−2m2V )
4√
m2
V
−m2
S
[−4g2V V Sm2V (m2S − 2m2V )(
2gV V SS
(
m2S − 4m2V
)3 (
21m8S − 192m6Sm2V + 602m4Sm4V − 784m2Sm6V + 344m8V
)
−3g2SSSm2V
(
m2S − 2m2V
)3 (
7m4S − 80m2Sm2V + 64m4V
))
+16gSSSg
3
V V Sm
2
V
(
m2S − 4m2V
)2 (
m2S − 2m2V
) (
21m8S − 216m6Sm2V + 722m4Sm4V − 976m2Sm6V + 440m8V
)
−12gSSSgV V SgV V SSm4V (mS − 2mV )(mS + 2mV )
(
m2S − 2m2V
)4 (
7m4S − 56m2Sm2V + 40m4V
)
+16g4V V S
(
m2S − 4m2V
)3 (
19m10S − 180m8Sm2V + 706m6Sm4V − 1408m4Sm6V + 1416m2Sm8V − 544m10V
)
+3g2V V SSm
4
V
(
m2S − 4m2V
)3 (
7m2S − 4m2V
) (
m2S − 2m2V
)4]
(A16)
2. Spin-1 portal
a. Scalar Dark Matter
χχ∗ → ff
〈σv〉ff = g2|gχχZ |2v2
∑
f
nfc
√
m2χ −m2f
(
2|AZ′f |2
(
m2χ −m2f
)
+ |V Z′f |2(2m2χ +m2f )
)
3pimχ
(
m2Z′ − 4m2χ
)2 (A17)
χχ∗ →W+W−:
〈σv〉W+W− =
(
1− m2W
m2χ
)3/2
m2χ|gχχZ |2|gWWZ |2v2
(
3m4W + 20m
2
Wm
2
χ + 4m
4
χ
)
6pim4W
(
m2Z − 4m2χ
)2 (A18)
χχ∗ → Z′Z′:
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〈σv〉Z′Z′ =
√
m2χ−m2Z′
16pim4
Z′m
3
χ(m2Z′−2m2χ)
2
(
8|gχχZ′ |2|gχχZ′Z′ |2m2χ(mZ′ −mχ)(mZ′ +mχ)
(
m2Z′ − 2m2χ
)2
+16|gχχZ′ |4m4χ
(
m2Z′ −m2χ
)2
+ |gχχZ′Z′ |4
(
m2Z′ − 2m2χ
)2 (
3m4Z′ − 4m2Z′m2χ + 4m4χ
))
+ v
2
192pim2
Z′m
3
χ(m2Z′−2m2χ)
4
√
m2χ−m2Z′
(
16|gχχZ′ |4m4χ
(
m2Z′ −m2χ
)2 (
3m4Z′ − 20m2Z′m2χ + 36m4φ
)
+8|gχχZ′ |2|gχχZ′Z′ |2m2χ(mZ′ −mχ)(mZ′ +mχ)
(
m2Z′ − 2m2χ
)2 (
5m4Z′ − 26m2Z′m2χ + 36m4χ
)
+9|gχχZ′Z′ |4
(
m2Z′ − 2m2χ
)4 (
5m4Z′ − 8m2Z′m2χ + 4m4χ
))
(A19)
χχ∗ → Zh:
〈σv〉Zh = |gχχZ |2|gZZh|2v2
√
1− (mh−mZ)2
4m2
φ
√
1− (mh+mZ)2
4m2χ
(m2h−m2Z)2−8(m2h−5m2Z)m2χ+16m4χ
384pim2
Z
m2χ(m2Z−4m2χ)
2
(A20)
b. Fermionic Dark Matter
For simplicity we explicitly report the case of Dirac DM. The expressions for Majorana DM are
straightforwardly from these.
ψ¯ψ → ff
〈σv〉ff = g4
∑
f
nfc
√
m2ψ −m2f
2
[
|AZ′f |2|AZ
′
ψ |2m2f
(
m2Z − 4m2ψ
)2
+m4Z′2|V Z
′
ψ |2
(
2|AZ′f |2
(
m2ψ −m2f
)
+ |Vf |2
(
m2f + 2m
2
ψ
))]
4pimψm4Z′
(
m2Z′ − 4m2ψ
)2
− 1
24pimψm4Z′
√
m2ψ −m2f
(
m2Z′ − 4m2ψ
)3 v2 (|AZ′f |2 (2m4Z′ |V Z′ψ |2(mf −mψ)(mf +mψ)
(−2m2ψ (46m2f +m2Z′)+ 11m2fm2Z′ + 56m4ψ)− |AZ′ψ |2 (m2Z′ − 4m2ψ)(
23m4fm
4
Z′ − 192m2fm6ψ − 4m2fm2ψm2Z′
(
30m2f + 7m
2
Z′
)
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ψ¯ψ →W+W−:
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〈σv〉W+W− = g2|gWWZ′ |2
[
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ψ¯ψ → Z′Z′:
〈σv〉Z′Z′ = g4|gψψZ′ |4
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ψ¯ψ → Zh:
〈σv〉Zh = g4|gZZh|2
√
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(A24)
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c. Vectorial Dark Matter
V V → ff :
〈σv〉Aff = g′4|ηZ
′
V |2
∑
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〈σv〉NAff = g′4|ηZ
′
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(A26)
V V →W+W−:
〈σv〉AW+W− = g2|ηZV |2|gWWZ′ |2v4
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V V → Z′Z′:
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〈σv〉NAZ′Z′ = g4|ηZ
′
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V V → Zh:
〈σv〉NAZh = g2|gZZh|2v2
√
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3. Pseudoscalar portal
〈σv〉ff =
c2a
m2f
v2
h
|λaψ|2mψ
√
m2ψ −m2f
2pi
(
m2a − 4m2ψ
)2 (A32)
〈σv〉aa = 1
12pi
|λaψ|4
m6ψ(
m2a − 2m2ψ
)4
(
1− m
2
a
m2ψ
)5/2
(A33)
4. Scalar+Pseudoscalar portal
The expression for the cross-section into ff and SS final state can be straightforwardly derived from
the previous one. Will then just report the cross section relative to the aa and Sa final states.
The process ψψ → aa receives, with respect to the case of the pure pseudoscalar portal, and additional
contribution from s-channel exchange of the scalar field S, so that:
〈σv〉aa = 1
128pim2ψ
√
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2
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32
3
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4
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 v2 (A34)
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(A35)
5. t-channel portals
As already mentioned in the main text, in the case of O(1) coupling the DM relic density is mainly
accounted by DM pair annihilations into SM fermions. We will then explicitly report only the cross-
sections corresponding to these processes.
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a. Complex Scalar Dark Matter
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∑
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b. Dirac Fermion Dark Matter
〈σv〉ff =
∑
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c. Majorana Fermion Dark Matter
〈σv〉ff =
∑
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